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ABSTRACT
Field Investigations and Numerical Modeling of Earthquake and
Tsunami Risk at Four Vulnerable Sites in Indonesia
Claire E. Ashcraft
Department of Geological Sciences, BYU
Master of Science
Maps and models of seismic and tsunami risk are constructed from a variety of
measurements taken in Indonesia, which have the potential to reduce loss of life and
infrastructure. The first study uses the multichannel analysis of surface waves (MASW) method
to calculate the time-averaged shear wave velocity to 30 m depth (Vs30). These measurements
were taken at 58 sites in the city of Pacitan, Java and on the islands of Lombok, Ambon, and the
Banda Islands. Vs30 calculations are compared with local geologic maps to extrapolate site class
for locations not measured directly. Site class maps are then compared with Modified Mercalli
Intensity (MMI) observations for three earthquake events that impacted Lombok and Ambon to
identify regions where the MMI and Vs30 do and do not corroborate one another. Consistent
with other Vs30 studies, the lowest values are observed on coastal alluvial plains and the highest
values on steeper hillsides underlain by volcanic deposits.
The second study focuses on a potential sector collapse of the volcano Banda Api within
the Banda Islands. A field survey of its summit identified a steeply dipping normal fault striking
NNE-SSW. This, along with the fissure geometry of the volcano’s most recent eruption, reveals
a failure plane along which a future sector collapse could occur. The numerical model Tsunami
Squares (TS) predicts that the tsunami produced by this landslide would inundate an estimated
63% of buildings on the Banda Islands with waves as high as 82 m. These findings highlight the
importance of installing a GPS receiver array on Banda Api to monitor the motion of its slopes.
The third study analyzes sediment from trenches on the Banda Islands and Ambon to test
if historical tsunamis that have impacted the area are preserved in the geological record. Potential
tsunami deposits were identified by the presence of marine sand and larger clasts of marine
carbonate in an environment which otherwise lacks large storms to bring such material onshore.
Several dating methods constrain the ages of at least seven candidate tsunami deposits found in
trenches onshore.
One of these historical tsunamis (the event of November 26, 1852) is described in
significant detail from several locations across the Banda Sea, which enables modeling of the
event using a Bayesian statistical approach. The posterior of this model predicts the most likely
epicenter was SW of Seram with a mean magnitude of Mw 8.8. It also makes other predictions
about fault parameters. The region exhibits a marked slip deficit based on instrumental records of
earthquakes in the area.

Keywords: Indonesia, Pacitan, Java, Lombok, Ambon, Banda Islands, Banda Api, geologic
hazards, earthquake, tsunami, sector collapse, vs30, tsunami deposits, Tsunami Squares,
Bayesian statistical analysis, historical records of natural disasters, age analysis of coastal
sediment, Spice Islands
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Introduction

1.1

Geologic Setting
Indonesia is a country primarily composed of subduction- and collision-related island

arcs. The region is associated with the convergent triple junction of the large Eurasian,
Australian, and Pacific plates, along with several microplates. The Australian plate converges
northward on the Eurasian plate, while the Pacific plate converges westward on the Eurasian
plate. These interactions result in a dense concentration of diverse tectonic activity throughout
the country, but at the broadest scale, are responsible for creating the Sunda-Banda Arc. The
Sunda-Banda Arc, commonly separated into the Sunda Arc and the Banda Arc, is a continuous
island arc and associated trench with a total length of more than 6000 km (Figure 1-1).

Figure 1-1. Regional map of major active faults of Indonesian arc-trench system, which result
from the subduction of the Australian plate beneath the Eurasian plate. The Pacific plate
converges from the east. The subduction zones are divided into the Sunda Arc (red) and the
Banda Arc (yellow). Black arrows represent convergence directions and rates across the
subduction zone based on GPS and geological plate vectors. Modified from Irsyam et al., 2010,
with plate velocity data from Bock et al., 2003, Simons et al., 2005, and Nugroho et al., 2009.
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1.1.1

The Sunda Arc: Overview

The tectonics of the Sunda Arc involve NNE subduction of the Australian plate’s oceanic
lithosphere beneath a heterogeneous continental block of the Eurasian plate referred to as
Sundaland (Hall, 2012). Plate motion at the westernmost margin of the arc (Sunda Arc), where
the plate boundary strikes NW-SE, is obliquely convergent. Moving east, the boundary rotates to
strike E-W and the angle of convergence relative to the trench becomes nearly 90º. Here,
convergence occurs at a rapid rate of up to 7 cm/year (Bock et al., 2003; Simons et al., 2007).
The Sunda Arc demonstrates the characteristics of a classical continental arc subduction
zone with a well-developed accretionary wedge, forearc basin, and volcanic arc (Figure 1-2). The
active volcanic island arc produces the islands of Java, Bali, Lombok, and Sumbawa. The upper
plate of the convergent boundary transitions from a continental arc to an oceanic arc eastward of
Bali (Figure 1-1). Here, convergence is accommodated not just by the north-dipping subduction
zone but also by a south-dipping back-arc thrust called the Flores Thrust (Silver et al., 1986).

2

Figure 1-2. Tectonic map of the Sunda Arc. The accretionary wedge (purple) forms many small
islands off the coast of Sumatra but is submarine off the coast of Java and the other eastern
islands of the arc. The volcanic arc (yellow) is the backbone of larger islands including Sumatra
and Java. Between these two zones is a forearc basin (green). Locations of active volcanoes are
marked by red triangles. The research locations of the island of Lombok and the city of Pacitan,
Java are marked by red stars. Modified from Hall, 2012; Irsyam et al., 2010.
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1.1.2

The Sunda Arc: Pacitan

The city of Pacitan, located in East Java Province, is a coastal community facing south
toward the Sunda Trench. Most of the town’s population is located on a flat coastal floodplain
composed of alluvium. The floodplain is surrounded by hills composed of seven rock units.
These are defined as undifferentiated andesitic volcanic rock and a variety of formations (Figure
1-3) composed mostly of Oligocene to Pliocene terrestrial clastic sedimentary, marine carbonate,
and volcanic rocks forming the coastal mountains of east Java (Samodra et al., 1992).

4

Figure 1-3. Geologic map of the city of Pacitan. Most of the city is located on an alluvial
floodplain at the end of Pacitan Bay, which is surrounded by hills of tertiary-age sedimentary
and volcanic rock. Each individual formation tends to comprise a wide variety of rock types,
from limestone to tuff. Modified from Samodra et al., 1992.
5

1.1.3

The Sunda Arc: Lombok

The island of Lombok, located in West Nusa Tenggara Province, is a volcanic arc island
positioned between the north-dipping Sunda Arc and the south-dipping Flores Thrust. Most of
the island’s bedrock is composed of volcanics associated with its active volcano, Rinjani.
Sedimentary units can be found at the south end of the island, including the Pengulung formation
(primarily breccia, lava flows, and tuff, but with limestone lenses); the Ekas formation
(limestone and calcarenite); the Kawangan formation (quartz sandstone, claystone, and breccia);
and the Selayar member of the Kalipalung formation (tuffaceous sandstone and tuffaceous
claystone). The oldest units date to the upper Oligocene. Additionally, coastal plains on the
island are underlain by alluvium. The largest plains are located on the west coast beneath the
provincial capital city of Mataram (Figure 1-4).
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Figure 1-4. Geologic map of the island of Lombok. The north half of the island is primarily
composed of volcanic units associated with Mount Rinjani. Sedimentary units are more common
on the south end of the island, including rock types such as sandstones, claystones, and
limestones. Alluvial plains dot the margins of the island. Modified from Andi Mangga et al.,
1994.
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1.1.4

The Banda Arc: Overview

The boundary between the Sunda Arc and the Banda Arc is generally taken to be at the
point where the Australian continental shelf becomes directly involved in subduction. The
Pacific Plate also becomes increasingly involved in the tectonic evolution of the Banda Arc
moving eastward. Since the Early Miocene, the movement of the Eurasian, Australian, and
Pacific plates have caused the margin of the Eurasian plate to interact with a spur of the
Australian continental margin (the Sula Spur) and its adjacent oceanic embayment (the Banda
Embayment, Figure 1-5). This interaction forms the subduction zone of the Banda Arc, which
bends 180º and has since consumed the Banda Embayment. The interior of the arc is the upper
plate, which is composed primarily of oceanic lithosphere. The surrounding lower plate is
composed of Australian continental lithosphere (Hamilton, 1979).
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Figure 1-5. Reconstruction of the collision between the Australian and Eurasian plates from 252 Ma. The Eurasian continental margin is colored yellow, the Banda Embayment oceanic crust
is pale green, and the Australian continental margin is red. Other oceanic crust is blue while
other volcanic arcs are dark green. From Hall, 2012.
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The Banda Arc can be split into two subsections, the inner Banda Arc and the outer
Banda Arc (Figure 1-6). The outer Banda Arc is a nonvolcanic accretionary wedge (purple in
Figure 1-6; Hamilton, 1979). However, the accretionary wedge consists mostly of a fold-thrust
belt with thrust sheets of sedimentary and minor volcanic layers accreted from the passive
margin of NW Australia (Carter et al., 1976).
Upon entering the Banda Trench the Australian passive margin cover units of the lower
plate were accreted to the Asian plate in two distinct ways (Harris, 1991). First, a shallow
detachment developed along a thick Jurassic mudstone to form an imbricate stack near the front
of the Banda forearc. Meanwhile, Permian to Jurassic Gondwana units below this mudstone
subducted deeper before detaching to create a duplex stack beneath the Banda forearc. Some of
the passive margin units subducted deep enough to undergo metamorphism (Harris, 2011).
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Figure 1-6. Tectonic map of the Banda Arc. The outer Banda Arc (purple) is an accretionary
wedge while the inner Banda Arc (yellow) is an oceanic volcanic island arc. The two are
separated by a forearc basin (green), which is uplifted from Sumba to Seram and forms thrust
nappes in Timor and Seram. Locations of active volcanoes are marked by red triangles while the
locations included in this study (Banda Islands and Ambon) are marked by red stars. Modified
from Irsyam et al., 2010; Hall et al., 2012; Darman and Sidi, 2000.

11

The inner Banda Arc (yellow in Figure 1-6), which contains the Banda Islands and
Ambon, is a 0-8 Ma oceanic volcanic island arc formed by the subduction of the Australian plate
(Honthaas et al., 1998; Elburg et al., 2005). Petrologic and geochemical data from across the arc
indicate contamination of the subduction zone by continental crust, which produces unusual
volcanic rocks such as the garnet- and cordierite-bearing andesite and dacite of Ambon and other
islands. 40Ar/39Ar ages from the “ambonite” along with volcanic rocks from other parts of the arc
indicate the contamination likely began about 5 million years ago (Elburg et al., 2005; Scotney et
al., 2005). Continental contamination results in the production of arc magmas with the widest
range in mafic composition found in any active arc, with rocks varying from tholeiitic to calcalkaline and shoshonitic to leucititic (Wheller et al., 1987). The degree of crustal contamination
varies both spatially and temporally in the arc volcanics, depending on the composition of the
lower plate at the time and location that a particular magma body is produced (Whitford et al.,
1977; Whitford and Jezek, 1979; Hilton & Craig, 1989; Hilton et al., 1992; Vroon et al., 1993;
van Bergen et al., 1993).
In the eastern Banda Arc the inner and outer arcs are separated by the Weber Basin, a
poorly understood forearc basin with an anomalously deep seafloor of greater than 7000 m. This
portion of the basin, called the Weber Deep, is the deepest non-trench oceanic region of any
place on earth. One study has proposed that the Weber Basin is the scarp of a massive, active
low-angle normal fault associated with upper-plate extension caused by the rollback of the
subducting plate (Pownall et al., 2016). However, Pownall provides little direct geologic
evidence in support of this theory.
Another possibility is that the Weber Basin is part of the South Banda Basin, which was
produced by rollback of the subducting slab. The anomalous depth of the Weber Deep may be a
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result of active downward dragging by the subduction of the Australian plate, as has been
postulated in other parts of the Banda Arc (Harris, 1992; 2011).
The Banda Sea basin’s general tectonic history is poorly constrained. A recent
reconstruction of it from 25-2 Ma by Hall (2012; Figure 1-5) shows it is likely the result of slab
rollback of the Jurassic-aged lower plate into the Banda Embayment (Harris 1992). Upper plate
extension caused by the rollback opened the basins of the Banda Sea.
There are still fundamental unresolved questions regarding the geologic evolution of the
Banda Arc, and while its evolution is not the focus of this research it is discussed in the
following papers: Harris, 2003; Baillie and Milne, 2014; Saqab et al., 2017; Koulali et al., 2016;
Sloan and Jackson, 2012; Watkinson et al., 2011.
1.1.5

The Banda Arc: Banda Islands

The Banda Islands consist of parts of a large volcanic edifice that rises around 5800
meters above the Banda Sea floor. These islands are composed largely of volcanic rock, but the
volcanic units themselves have never been differentiated. The central Banda Islands comprise an
active volcano surrounded by the remains of a larger collapsed caldera. The outer Banda Islands
are composed of a combination of volcanic and coralline bedrock. Previous efforts have
interpreted the volcanic rocks as Pliocene to Holocene, while emergent reef terraces are
interpreted as Pleistocene to Holocene (Figure 1-7; Agustiyanto et al., 1994). The relatively high
elevation of these terraces indicates they are tectonically uplifted and not the result of eustatic
sea level change. Though the map produced by Agustiyanto et al. (1994) is the most modern
geologic map of the islands, it contains at least one significant error. The volcano Banda Api,
which last erupted in 1988, is active with a surface that is Holocene, not Pliocene.
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Figure 1-7. Geologic map of the Banda Islands. Though this is the most detailed geologic map of the islands, it only delineates four
units: alluvium, coralline limestone, volcanic breccia, and lava. It claims the units range in age from Pliocene to Holocene, although
it describes Banda Api’s surface as Pliocene. Modified from Agustiyanto et al., 1994.
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1.1.6

The Banda Arc: Ambon

Like the Banda Islands, the island of Ambon is largely composed of island-arc volcanic
units, though Ambon no longer has active volcanoes (Figure 1-8). Its most notable type of
volcanic rock is a garnet- and cordierite-bearing dacite referred to as ambonite. Ambonite is
produced by the melting of lower-crust granulite and migmatite most likely sourced from
subducted Australian continental crust of the Sula Spur (Pownall et al., 2013; Pownall & Hall,
2014; Pownall et al., 2016). These metamorphic rocks developed ~16 Ma as a series of WNWESE detachment faults abutted hot mantle lherzolites against the base of the crust. This extension
affected not just Ambon, but other nearby islands, including the large island of Seram. More
recently, these detachment faults reactivated as thrust faults with a strong left-lateral strike-slip
component, exhuming the rock to the point that volcanism could bring the ambonite the rest of
the way to the surface. The extension also exposed mafic and ultramafic rocks sourced from the
upper mantle.
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Figure 1-8. Geologic map of the island of Ambon. Most of the island’s surface area is composed
of volcanic rock extruded from its two now-inactive volcanoes (Pownall et al., 2013). However,
small exposures of granite, peridotite, and sedimentary rock are also exposed. Most of the
island’s population lives near the coast, primarily on alluvium or uplifted limestone. Modified
from Tjokrosapoetro et al., 1993.
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1.2

Historical Background
While the islands of east Indonesia have been continuously inhabited for millennia, few

written records from the region exist before European colonization. The Banda Islands and
Ambon were located at the heart of the spice trade and played a large role in Western
imperialism in southeast Asia. In the early 17th century, The Dutch East India Company (VOC)
invaded the region and took control of its trade networks. After this point, the Dutch kept
increasingly thorough written records of their proceedings on the islands, including descriptions
of the earthquakes, tsunamis, and volcanic eruptions they observed. These records indicate that
geologic hazards have perennially threatened the lives of the inhabitants of the Banda Islands and
Ambon.
Islands of the Sunda Arc east of Sumatra were also influenced by colonization, but
marine commerce generally avoided the southern coasts of these islands in favor of the calmer
seas on the north coasts. This meant that the south coast of Java and the lesser Sunda Islands
(including Lombok) experienced much less colonial influence, and few written records from
coastal communities in these areas are known from before the mid-19th century. However, this
lack of historical records does not mean that local populations did not suffer the effects of
geologic hazards. Recent sedimentological analysis has identified two major tsunamis that struck
the south coast of the eastern Sunda Arc, the younger of which occurred approximately 500 years
ago (Sulaeman, 2019). Earthquakes and volcanic eruptions occur frequently enough to be
familiar in living memory. Unfortunately, insufficient action has been taken to prevent all these
geological hazards from causing significant death and destruction in the future.
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1.3

Research Questions
This study seeks to address various geologic hazards in several different regions across

Indonesia using three separate techniques involving geophysics, numerical modeling, and
sedimentological analysis. The first major issue is how to reduce the risk of earthquake and
tsunami losses in Indonesia. Both Lombok and Ambon have had recent large earthquakes, which
highlights the importance of making timely changes to bolster the built environment from the
effects of strong motion from earthquakes.
A geophysical study was conducted to measure time-averaged shear wave velocity to 30
m depth (Vs30) values at Pacitan, Java and the islands of Lombok, Ambon, and the Banda
Islands. The purpose of the survey was to compare Vs30 values at given sites with nearby
Modified Mercalli Intensity (MMI) observations from recent and historical earthquakes, and to
identify whether variability in Vs30 values can be associated with variation in local geologic
units. The major question is: do Vs30 values correlate with MMI and local geology, and can the
Vs30 maps provide accurate forecasts of potential damage from earthquake shaking at a given
location?
The second analysis investigates the effects of a landslide tsunami on the Banda Islands.
Some of the most dangerous tsunamis in Indonesia are those generated by submarine landslides.
Field studies of Banda Api volcano in the Banda Islands revealed evidence of onsetting sector
collapse of the volcanoes western flank, in a similar way to how the western flank of Krakatoa
collapsed during an eruption in 2018 (Ye et al., 2020). These field measurements provide
constraints for constructing a numerical model of a potential slide. The program VolcFlow was
used to model the likely extent of a landslide caused by this sector collapse, along with the
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resulting tsunami. The major question is: how destructive would a sector-collapse-associated
tsunami be for the surrounding population centers of the Banda Islands?
The third study focuses on evidence of tsunamis in the Banda Islands. Historical
observations of tsunamis on the islands extend back around 400 years, with several major events
occurring during that time. The major question is: is there sedimentological evidence of historic
or prehistoric tsunamis in the Banda Islands, and can the age of these deposits be constrained?
Trenches on the islands of Neira, Banda Besar, and Run were logged with the goal of identifying
candidate tsunami deposits. Criteria used for identifying possible tsunami deposits include larger
grain sizes than the surrounding depositional environment (such as a sand layer surrounded by
mud deposits), or the presence of marine sediments inland and above sea level. These deposits
could include shell and coral material, rip-up clasts, and gravel and cobbles.
Optically stimulated luminescence (OSL) dating was conducted on the most likely
candidate layers. The ages of these layers were additionally constrained through radiocarbon
dating and by the typology of associated cultural items. Additionally, one trench was logged
outside the Banda Islands on the island of Ambon to test for possible deposits from a tsunami in
1950, and for potential deposits of earlier tsunamis as well.
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2

Time-Averaged Shear Wave Velocity to 30 m Depth

2.1

Introduction
Indonesia is home to many types of geologic hazards, but one of the most common is

earthquakes. The region features many active faults associated with commonly diffuse plate
boundaries, which leaves most parts of the country susceptible to seismic hazards (Harris and
Major, 2016). Strong ground motion from earthquakes causes loss of life and property damage,
so understanding which regions are at risk of heavy shaking is crucial to mitigating these
hazards. The shaking intensity of an earthquake, as experienced at a particular location, depends
not just on proximity to the epicenter, but also seismic wave amplification due to site
characteristics at the area in question. Local amplification of seismic waves is the result of
vertical and lateral stratigraphic heterogeneity, sediment rheology, and the geometry of the
ground surface (Semblat et al., 2005).
Current structural design codes created by the International Building Code (IBC) and the
National Earthquake Hazards Reduction Program (NEHRP) consider seismic site effects by
classifying each site according to the time-averaged shear wave velocity to 30 m depth (See
Methods: Vs30 Mapping), a value referred to as Vs30 (NEHRP, 2015; 2018 International
Building Code, 2020). The concept of Vs30 was developed in response to the observation that
earthquake damage and loss of life is most severe at sites with unconsolidated fine-grained strata
and soft soil conditions. Analysis of borehole and strong-motion data associated with the 1989
Loma Prieta earthquake found that mean peak horizontal acceleration, velocity, and
displacement are inversely correlated with mean shear wave velocity. Thus, estimates of site
response and seismic amplification can be generated by measuring near-surface shear-wave
velocity (Borcherdt & Glassmoyer, 1992; Borcherdt, 1994).
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In this study we use Vs30 as a proxy for seismic wave site amplification by employing a
seismic recording array to measure Vs30 velocities over a given region. This approach enables
the identification of sites most at risk of high seismic amplification. Assigning areas that have
similar seismic hazard risk to their own site classes aids communities in these locations to make
seismic zoning maps that helps mitigate local seismic hazards. The BMKG (Indonesia’s
Meteorology, Climatology, and Geophysical Agency) has previously made efforts to measure
Vs30 values across Indonesia, but very few measurements exist for eastern Indonesia. The most
detailed Vs30 map for Indonesia currently available was produced by correlating slope angle
across the country with BMKG Vs30 reference values, rather than by direct measurement
(Irsyam et al., 2017). While this provides baseline values for expected Vs30 in each region, it is
still only an approximation of true Vs30 values.
We calculate Vs30 based on direct measurements in the city of Pacitan (located on the
south coast of Java) and on Lombok, Ambon, and the Banda Islands. These measurements
provide a site class map for each area, as well as comparing Vs30 values to local geology to
extrapolate site class for locations not measured directly.
In addition, both Lombok and Ambon have experienced recent earthquakes of Mw 6.4 or
greater, from which sets of Modified Mercalli Intensity (MMI) observations were recorded by
Indonesia’s National Center for Earthquake Studies and the Ambon City Regional Disaster
Mitigation Agency. This study also produces MMI estimates for a large, pre-instrumental
earthquake that struck Ambon in 1898. MMI is a qualitative scale for the intensity of earthquake
shaking as observed through the extent of damage on the built and natural environment (Wood &
Neumann, 1931; Stover & Coffman, 1993). This study seeks to compare the MMI observations
from these earthquakes with the measured Vs30 data to test whether Vs30 correlates with MMI
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on Ambon and Lombok, and whether these Vs30 data are useful for predicting shaking intensity
at a given location during an earthquake. The results in turn help address the critical issue of who
is most at risk of earthquake-related losses in eastern Indonesia, and the extent of risk reduction
activities needed.
2.2

Methods
2.2.1

Vs30 Mapping

Calculations of time-averaged shear wave velocity to 30 m depth (Vs30) were produced
for 58 sites in the city of Pacitan and the islands of Lombok, Ambon, and the Banda Islands
based on measurements taken through the active multichannel analysis of surface waves
(MASW) method. MASW is a seismic survey technique used to acquire information about the
elastic properties of near-surface rock and sediment. The method analyzes how Rayleigh waves
travel through the ground as recorded by an array of receivers (geophones) to determine variation
in shear wave velocity with depth (Park et al., 1999). When using a seismic source to produce
waves at a fixed distance from the array, it is possible to produce a one-dimensional profile of
depth versus velocity at a given site. In this layered earth model, the subsurface is represented by
nine horizontal layers over a half-space, each of which have homogenous thickness and seismic
velocity. Altogether, the process of calculating Vs30 consists of four steps: field acquisition of
seismic data, processing of data to plot a dispersion curve of phase velocity versus frequency,
inversion of the dispersion curve to plot depth versus velocity, and calculation of Vs30 based on
the velocity profile model.
The seismic acquisition system at each site consisted of a Geode Exploration
seismograph (Geode™) connected by a cable to a linear array of 24 4.5-Hz geophones with a
receiver spacing (dx) of 2.6 m. The seismic source used was a 10-kg sledgehammer struck
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against an aluminum plate, with a source offset (X1) of 15.7 m. The sledgehammer and
aluminum plate were wired with an electrical contact-closure cable, which triggered the
recording to begin at the moment of electrical contact. The seismograph was also connected to a
laptop computer, where the Geode program Seismodule Controller Software (SCS) was used to
record the data. The system was powered by a 12 V battery (Figure 2-1).

Figure 2-1. Configuration of the 24-channel seismic acquisition system. Source offset (X1) is the
distance between the seismic source (the strike plate) and the first receiver. Receiver spacing
(dx) is the distance between adjacent geophones. Modified from Park (n.d.).
The values for dx and X1 were determined based on the desired maximum investigation
depth (Zmax). Zmax for a given survey is approximately ½ of the signal’s wavelength; thus, to
investigate to a Zmax of 30 m, the receiver spread must be 60 m long, and the dx between each
of the 24 geophones must be 60 m / 23 = 2.608696 m. The source offset X1 is ~¼ the receiver
spread length and a multiple of dx, resulting in the value 2.608696 m * 6 = 15.652176 m.
Active MASW data were acquired in the form of 3 shot records in the same location at
each site, each composed of 5 stacked shots, using the previously described geometry. The data
were recorded with a sampling interval of 0.5 ms and a record length of 2 s for each shot. Passive
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MASW measurements were also taken at each site, using ambient seismic noise rather than an
active source. Passive data were acquired from a stack of 3 recordings with a sampling interval
of 2000 ms and a recording time of 30 s each. However, most sites did not have enough noise to
produce significant dispersion curves and so the passive data were not used in the final
calculations.
Seismic data collected in the field were processed using the program ParkSEIS (PS) v3.0.
ParkSEIS is a tool capable of processing seismic data stored in SEG-2 (.dat) format to produce a
dispersion image, dispersion curve, and 1-D velocity profile. Dispersion images were produced
by inputting the file(s) for a given site, encoding the geometry of the array, and determining the
displayed frequency and phase velocity ranges. Each image was produced with an output
frequency interval of 0.25 Hz and a phase velocity interval of 10 m/s. The dispersion image is
produced by applying a Fourier transform to each shot record that remaps it from an offset-time
(x-t) domain into a velocity-frequency (v-w) domain (Park et al., 1998, 2001). Individual shot
records were stacked to produce one dispersion image per site. A dispersion curve was manually
picked from each image, following the maximum amplitude of the fundamental mode wherever
possible (Figure 2-2). ParkSEIS then inverts the dispersion curve by forward modeling based on
the Fortran IV program produced by Schwab and Knopoff (1972), producing a 1-D velocity
profile model for the site (Figure 2-3; Park, 2017).
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Figure 2-2. Example of the process of picking a dispersion curve using the program ParkSEIS, uncropped (A), cropped (B),
normalized (C) and with dispersion curve picked (D). Dispersion images were cropped to better display the fundamental mode, as
higher modes were not used in calculating the velocity profile. (Dispersion image for site L4.)
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Figure 2-3. Example of a one-dimensional velocity profile produced using the program ParkSEIS. Red dots represent the measured
dispersion curve, blue dots represent the forward-modeled dispersion curve, and the blue line delineates the Vs profile based on the
modeled curve. Accuracy of the inverted velocity profile is determined by the percent fit between the measured and modeled curves
(97% fit in this example). (Velocity profile for site L4.)
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The Vs30 value for each site was calculated from the inverted model according to
NEHRP and IBC guidelines, using the following formula:
������
vs 30 =

∑ni=1 di
∑ni=1 di
=
di
∑ni=1 t i ∑n
i=1 �vs �
i

where Σdi is the total thickness (30 m) and Σt i is the total travel time, which can be calculated

from the sum of each layer’s thickness (di ) divided by its velocity (vsi ) (Park, n.d.; NEHRP,
2020; 2018 International Building Code, 2020).
2.2.2

Modified Mercalli Intensity Mapping

Surveys estimating MMI values for three separate earthquakes were conducted by
Indonesia’s National Center for Earthquake Studies (PuSGeN), Ambon City Regional Disaster
Mitigation Agency (BPBD Kota Ambon), and this study. One of these earthquakes took place on
Lombok and the other two near Ambon. The Lombok event was a Mw 6.4 and occurred on July
29, 2018. It was the first in a series of four major earthquakes, the two largest of which were both
Mw 6.9 (occurring on August 5 and August 19, 2018; US Geological Survey, 2018a; 2018b).
Though the July 29 earthquake was smaller than either of these, it was the event closest to a
major population center and and the event for which the most detailed MMI estimates were
acquired (from 25 separate locations; Irsyam et al., 2018).
Ambon’s most recent large earthquake was a Mw 6.5 event which occurred on September
25, 2019 (US Geological Survey, 2019). Interviews with residents were conducted by the BPBD
Kota Ambon to determine MMI following the earthquake using criteria published by the US
Geological Survey (US Geological Survey, n.d.). The event happened several months after the
MASW field work was conducted, allowing MMI observations to be taken at the same sites as
previous MASW surveys (F. Julian, personal communication, February 9, 2020).
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While the 2019 earthquake is associated with mild to moderate damage in cities across
the island, a much more severe earthquake of unknown magnitude occurred at Ambon on
January 6, 1898. The damage caused by the event is documented through photographs and
written descriptions (Bintang Djaoeh, 1898; Verbeek, 1898; Van Bemmelen, 1900). As part of
this study, these records, along with antique maps and modern satellite imagery, were assessed to
produce a probable MMI range for 41 locations around the island (Landsdrukkerij, 1905;
Reproductiebedriljf Topografische Dienst, 1925; Valentijn, 1724).
2.3

Results
2.3.1

Pacitan

We surveyed 14 sites in the Pacitan region. Most are located on alluvial deposits
associated with the Grindulu River (Figure 2-4). The exception is site P9, which is on the
Arjosari formation. The Arjosari formation is composed of polymictic conglomerate, sandstone,
siltstone, limestone, claystone, sandy marl, and pumiceous sandstone, intercalated by volcanic
breccia, lava, and tuff (Samodra et al., 1992).
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Figure 2-4. Map of MASW sites surveyed in the Pacitan region. All measurements, except for P9,
were taken on the coastal plain, which is the most densely populated part of the city. Elevation
contours for all maps shown in this study are sourced from NASA’s Shuttle Radar Topography
Mission (SRTM) 1-arcsecond topographic rasters, accessible from the USGS Earth Explorer
online data portal (US Geological Survey, 2014).
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A dispersion image, dispersion curve, and 1-D velocity profile were produced from the
data taken at each site and are presented in Appendix A. The percent fit between the modeled
dispersion curves and the measured dispersion curves at Pacitan range from 85 to 98%, and
calculated Vs30 values range from 148 to 741 m/s (Table 2-1). However, most measurements
have a percent fit ≥95%. Sites are also categorized by both NEHRP site class (ranging from B to
E) and by Eurocode ground type (ranging from A to D). The only outlier site in terms of velocity
is site P9, located on the Arjosari formation. P9 has a Vs30 of 741 m/s, NEHRP site class of B,
and Eurocode ground type of A. The other sites in the Pacitan area, which are all located on
alluvium, range from ~150 to 230 m/s and have a mean Vs30 of 180 m/s. The NEHRP site
classes for these sites range from D to E, and Eurocode ground types range from C to D. Sites
with the lowest percent fit between measured and modeled dispersion curves are site P6 (94%),
P7 (91%), and P11 (85%).
Table 2-1. Vs30 results for MASW measurements taken in Pacitan.
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2.3.2

Lombok

There were 20 sites surveyed on the island of Lombok (Figure 2-5). The geology of the
survey sites can be broadly classified into two categories: alluvium and volcanic rocks. Most of
the volcanic sites are on the Lekopiko formation (described as pumiceous tuff, laharic breccia,
and lava flows), with the exceptions of L18 and L9. Site L18’s geology is described as
undifferentiated volcanic rocks (lava flows, breccia, and tuff from the peaks of Mount Pusuk and
Mount Nangi on the east slope of Mount Rinjani). Site L9, located on the south side of the small
island Gili Trawangan, is located on the Kalipalung formation (alternating calcareous breccia
and lava flows; Andi Mangga et al., 1994).
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Figure 2-5. Map of MASW sites surveyed on Lombok. Surveys were focused on the north side of
the island, which was the region most affected by the 2018 earthquakes; however, one
measurement was also taken in the city of Mataram (L20).
A dispersion image, dispersion curve, and 1-D velocity profile were produced from the
data taken at each site and are presented in Appendix B. The percent fit between the modeled
dispersion curves and the measured dispersion curves on Lombok range from 83 to 98%, with a
mean of 94%. The calculated Vs30 values range from 153 to 629 m/s (Table 2-2). Sites with the
lowest percent fit between measured and modeled dispersion curves are site L3 (83%), L9
(87%), L15 (88%), and L18 (88%). The Vs30 values are also categorized by both NEHRP site
class (ranging from C to E) and by Eurocode ground type (ranging from B to D).
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Table 2-2. Vs30 results for MASW measurements taken on Lombok.

The nine Lombok measurements taken on alluvium range in Vs30 from 153 to 261 m/s.
The mean Vs30 for alluvial sites is 212 m/s. Six of the sites fall into NEHRP site class
D/Eurocode ground type C; the other three are NEHRP class E/Eurocode type D. The mean
Vs30 for the 11 measurements taken on volcanic units is 429 m/s, and except for site L12 (243
m/s), all have a Vs30 >300 m/s. Seven sites fall into NEHRP class C/Eurocode type B; the other
four fall into NEHRP class D/Eurocode type C. The difference in mean percent fit between
alluvial sites and volcanic sites was small (94.7% and 93.5%, respectively).
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After the first of northern Lombok’s four major earthquakes in the summer of 2018,
Indonesia’s National Center for Earthquake Studies (PuSGeN) produced a table of MMI
observations taken from northern and central Lombok (Irsyam et al., 2018). A map was
produced from this table by assigning coordinates to each observation and interpolating between
them (Figure 2-6). The most obvious characteristic of this map is that observations closer to the
epicenter generally have a greater intensity, but certain points are outliers in this trend. On the
northwest side of the island, one alluvial location reported an MMI of 6 while nearby sites
reported more baseline values of 4-5.

Figure 2-6. Map of MMI observations on Lombok for the earthquake of July 29, 2018. The
epicenter for this earthquake was located on the northern coast and the most severe damage was
reported in northeast Lombok. MMI data from Irsyam et al., 2018.
One observation taken on the alluvial deposits on the east side of Lombok recorded
MMI=5. However, this datapoint is not an outlier, even though the surrounding observations are
all located on volcanics. One outlier does exist in the area, with MMI=6, but it is located on the
volcanic rocks of the Lekopiko formation. On the northeast side of the island, several clusters of
closely spaced MMI observations contain values differing by a magnitude of 1-2 points (for
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example, two MMI=8 values near an MMI=6 value), despite the fact that they are all within the
same geologic unit (undifferentiated volcanic rock of Rinjani).
2.3.3

Ambon

There were 14 sites surveyed on the island of Ambon (Figure 2-7). According to the
geologic map produced by Tjokrosapoetro et al., (1993), the measurement sites span four units.
Seven sites are located on alluvium, three on coralline limestone, three on Ambon volcanic rocks
(andesite, dacite, breccia, and tuff), and one on ultramafic and mafic rock (harzburgite, dunite,
serpentinite, and gabbro). A dispersion image, dispersion curve, and 1-D velocity profile were
produced from the data taken at each site and are presented in Appendix C. Vs30 across the
island ranges from 180 to 660 m/s (Table 2-3). Alluvial sites have the lowest average Vs30 (262
m/s), followed by limestone sites (330 m/s) and volcanic sites (518 m/s). The single site
underlain by ultramafic rock has a Vs30 within the range of the volcanic sites (453 m/s).
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Figure 2-7. Map of MASW sites surveyed on Ambon. Surveys were concentrated closer to the
coast where most of the population is located; most of the inland landscape is mountainous,
uninhabited rainforest.
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Table 2-3. Vs30 results for MASW measurements taken on Ambon.

All alluvial sites are NEHRP site class D and Eurocode ground type C. Two of the
limestone sites are NEHRP class D/Eurocode type C and one is NEHRP class C/Eurocode type
B. The sites located on volcanic or ultramafic rock are all NEHRP class C/Eurocode type B.
Percent fit values for the measurements on Ambon are >95% with the exceptions of sites A1
(87%), A5 (78%), and A6 (92%).
MMI maps were produced in this study from two separate earthquakes on Ambon. The
more recent occurred on September 25, 2019 (Figure 2-8). The BPBD Kota Ambon reported that
during this event, most locations experienced an MMI of 4-5, but one site along the bay (in the
village of Rumah Tiga) recorded an MMI of 7 (F. Julian, personal communication, February 9,
2020).
The earlier of the two events took place on January 6, 1898. This earthquake was likely a
higher magnitude and MMI observations were significantly higher. Here, the most damage was
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recorded in the village of Rumah Tiga and in the city of Ambon proper. Because the MMI scale
had not yet been developed at the time of the earthquake, its damage was only documented
through photographs and written accounts. As part of this study, records of the damage from this
earthquake at different locations on Ambon were studied and correlated to a range of probable
MMI values for each site (Figure 2-9).

Figure 2-8. Map of MMI observations on Ambon for the earthquake of September 26, 2019.
Damage surveys were conducted by the BPBD Kota Ambon at 14 sites, chosen based on the
locations of prior MASW surveys (F. Julian, personal communication, February 9, 2020). The
epicenter for this event was located at 3.453ºS 128.370ºE, or 6.5 km northeast of Ambon. The
map is shaded using a basic interpolation between the observation points.
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Figure 2-9. Map of MMI observations on Ambon for the earthquake of January 6, 1898. The
epicenter for this event is unknown as it took place prior to the start of instrumental earthquake
records. MMI ratings were determined based on reported damage at 27 different sites around
the islands. Damage observations from Bintang Djaoeh, 1898; Verbeek, 1898; Van Bemmelen,
1900.
2.3.4

Banda Islands

There were nine sites surveyed on the Banda Islands, with five on Neira, two on Banda
Besar, and one each on Ai and Run (Figure 2-10). These measurements span three geologic units
as defined by Agustiyanto et al. (1994): alluvium, coralline limestone (terrace-forming with
intercalations of calcareous tuff), and volcanic breccia (composed of andesite to basalt with tuff).
A dispersion image, dispersion curve, and 1-D velocity profile were produced from the data
taken at each site and are presented in Appendix D.

39

Figure 2-10. Map of MASW sites surveyed on the Banda Islands. The number of measurements
taken was limited by a paucity of flat, open spaces that were accessible and long enough to
accommodate the full line of geophones.
Vs30 values in the Banda Islands range from 176 to 490 m/s (Table 2-4). Alluvial sites
have the lowest mean velocity at 230 m/s, though this is skewed by the unusually high
measurement of 356 m/s on Ai. Volcanic breccia sites have a higher mean velocity of 431 m/s,
though there are only two of such measurements. The single coralline limestone site, located on
the island of Run, has a Vs30 of 459 m/s. Percent fit for these Vs30 values ranges from 88 to
97%, with all measurements but one at >94%. All the volcanic breccia and limestone sites are
NEHRP site class C and Eurocode ground type B. Most of the alluvium sites are NEHRP class
D/Eurocode type C, except for B8 on Banda Besar which falls just over the boundary into
NEHRP class E/Eurocode type D.
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Table 2-4. Vs30 results for MASW measurements taken on the Banda Islands.

2.4

Discussion
By considering both the calculated Vs30 values and the geologic maps of the study areas,

an interpolated Vs30 map was produced for each location. The values comprising these
interpolated data were determined through a combination of two methods. Regions with a
relatively dense concentration of Vs30 points were directly interpolated using ArcGIS Pro.
Regions with few to no Vs30 measurements were interpolated by extending the most likely
velocity (as determined by any Vs30 measurements present) to the areal margins of the most
compositionally similar geologic units. This allowed for NEHRP site class boundaries to be
defined on the maps, although these site class boundaries are only approximate, particularly
where Vs30 data are sparse.
2.4.1

Pacitan

The NEHRP site classes in Pacitan range from B to D. The C zone is closer to the hills
while most D zones measurements are at the center of the valley near the bay (Figure 2-11). The
alluvial deposits are likely thin and coarse-grained near the mountains, increasing Vs30 values in
these locations. Towards the center of the basin, alluvium is expected to increase in deposit
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thickness and decrease in grain size, leading to very low Vs30 values there. The measurement at
site P10 (146 m/s) on the eastern end of the valley suggests that the extent of the D class zone
may be even larger. D class zones could exist at a greater extent in the narrower valleys on both
the north and east sides of the main coastal plain, although only a few measurements are
available.

Figure 2-11. Vs30 and NEHRP site class map of the Pacitan region. The color gradient
represents the interpolation of Vs30 datapoints. Interpolation is based on the datapoints as well
as data from the region’s geologic map (Samodra et al., 1992). Red indicates the regions of
lowest Vs30 while blue indicates the regions of highest Vs30.
The one measurement located outside the alluvium is class B. In the absence of additional
measurements, it is inferred that the surrounding bedrock hills (which have a similar slope) are
class B as well. The boundary between B and C was placed along the edges of the alluvial
deposits, which is more likely to be accurate than a smooth interpolation between the hillside and
valley measurements. Significant uncertainty still exists regarding potential Vs30 values in the
hills, however. This is because the non-alluvial units around Pacitan can vary widely in
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composition, even within a single formation (including the Arjosari formation, where
measurement P10 was taken) (Figure 1-3). The defining of these units as class B should be
considered a preliminary estimate in the absence of more data.
The district of Pacitan, which is only slightly larger than the area shown in Figure 2-11,
reported a population of 78,161 people in 2020, along with a growth rate of 6.76% from 2010 to
2020 (BPS Kabupaten Pacitan, 2021). Most people live in the valley, where land is flat and
thicker soils make agriculture easier.
2.4.2

Lombok

Like Pacitan, NEHRP site classes on Lombok range from B to D. Measurements were
concentrated on the north end of the island, where the impact from the 2018 earthquakes was the
greatest, although one was also taken in the city of Mataram on the west coast. All
measurements on alluvium are class C or D. All measurements on volcanic rocks except L13 and
L17 are class B. Note that measurements were taken on three different volcanic units: nine on the
Lekopiko formation (278-570 m/s), one on the Kalipalung formation (433 m/s), and one on
undifferentiated volcanic rock of Mount Pusuk and Mount Nangi (508 m/s). The Vs30 values
from the Kalipalung formation and the undifferentiated volcanic formation are within the range
of values from the Lekopiko formation, so in the absence of additional data, these units should be
treated as essentially the same from an earthquake hazard perspective. It is also reasonable to
infer that unmeasured igneous units, such as the Kalibabak formation in western and central
Lombok, are likely class B as well (Figure 2-12).
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Figure 2-12. Vs30 and NEHRP site class map of Lombok. Interpolation is based on the Vs30
datapoints as well as data from the region’s geologic map (Andi Mangga et al., 1994). Red
indicates the regions of lowest Vs30 while blue indicates the regions of highest Vs30. Areas
without shading (white) were excluded from the interpolation, as there were insufficient
measurements on the types of bedrock present there to infer their potential Vs30 values.
Similarly, it is inferred that unmeasured alluvial regions on Lombok are class C and
could be class D in certain areas. While the alluvial plain on the northwest side of the island has
the largest number of low-Vs30 measurements in this study, this does not necessarily mean that
it has highest risk of earthquake-generated human casualties on Lombok. Lombok’s largest
alluvial plain is beneath the city of Mataram and its surrounding urban area. This city alone had a
population of 429,651 people in 2020, presenting a high risk of significant human impact should
a future earthquake occur more closely to this part of the island (BPS Provinsi Nusa Tenggara
Barat, 2020). Additional smaller deposits exist on the south and east sides of the island. Nonalluvial sedimentary bedrock, or igneous rock with sedimentary interbedding, can be found in
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southern Lombok. Because no measurements were taken on units of similar composition, these
were excluded from the interpolation.
This discrepancies between MMI observations of the 2018 earthquake and local geology
(with associated Vs30 values) on Lombok could be due to several factors. The first is that the
MMI observations may not be reliable. The MMI values for the July 29 event were determined
by a combination of methods, including direct observations of damage as well as surveys with
residents (Irsyam et al., 2018). The level of uncertainty regarding these values cannot be
quantified as Irsyam et al. (2018) did not describe the methodology for the MMI survey in detail.
However, if different areas were visited and described by a larger number of separate observers,
inconsistencies in the way individuals discern and describe damage could affect the accuracy of
the overall MMI map.
If the MMI is in fact reliable, another potential explanation is that the local geology is not
yet mapped well enough since there is only one geologic map for Lombok as a whole. While
1:100,000-scale geologic maps of individual regencies exist for some parts of Indonesia, the
highest resolution map available for Lombok is 1:250,000, which limits the precision of mapped
unit contacts. Additionally, units that have been mapped on Lombok can be undifferentiated or
can combine several different rock types. If these rock types have separate geophysical
properties, the strength of correlations between units and MMI may be reduced.
Along with MMI observation and geologic map accuracy, irregularities in the
propagation of earthquake energy made as it passes through heterogenous bedrock could
contribute to unexpectedly high or low MMI in different areas. Interpreting the shaking of the
July 29 event through the lens of site response assumes that the energy of the earthquake radiated
homogenously from the hypocenter. This is likely not the case, and while this simplified
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approach can be used to understand earthquake energy propagation in some scenarios, the MMI
outliers of this event may indicate that a more complex approach is required here.
Finally, the discrepancies between MMI and Vs30 could be explained by additional
variables besides Vs30 that may impact site response. To determine the efficacy of Vs30 as a
single proxy for predicting site response, a recent study by Gobbi et al. (2020) simulated the
effects that a variety of earthquake records had on randomly generated soil profile models. In
using Vs30 alone, they struggled to predict earthquake amplification at a site over the whole
frequency range. Instead, they proposed that by adding two other proxy values, the dominant
frequency (f0) and the shear wave velocity gradient (B30) of the site, more accurate site response
predictions can be made.
The dominant frequency is determined by producing a free-field to bedrock transfer
function for the site. This function represents the ratio of the Fourier spectrum of accelerograms
produced at the free-field (soil) surface and at an outcropping surface of the site’s bedrock. The
frequency of the peak of this transfer function represents the fundamental frequency of the soil
column, or the f0 of the site (Gobbi et al., 2020). The shear wave velocity gradient is defined as
the slope of the linear regression between the logarithm of the shear wave velocity profile and
the depth (Regnier et al., 2014; Gobbi et al., 2020).
2.4.3

Ambon

Measured site classes on Ambon range from NEHRP site class B to C. Measurements
taken on volcanic or ultramafic rocks are class B, while those on alluvial sites are all class C
(Figure 2-13). While no site on Ambon had a velocity within the range of Class D (defined as
<180 m/s), the low velocities of alluvial sites A3 and A10 (180 and 209 m/s, respectively) are
close enough to the site class boundary that class D zones could also exist at as-of-yet
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unmeasured sites on Ambon’s alluvial plains. This would align with the surveys in Pacitan,
Lombok, and the Banda Islands, all of which have class D zones near the coast over deposits of
alluvium.

Figure 2-13. Vs30 and NEHRP site class map of Ambon. Interpolation is based on the datapoints
as well as data from the region’s geologic map (Tjokrosapoetro et al., 1993). Red indicates the
regions of lowest Vs30 while blue indicates the regions of highest Vs30. By extrapolating the
geology of the measured sites to the rest of the island, it is inferred that Ambon’s deltas and
alluvial plains are class C while other land is class B.
Unlike Pacitan or Lombok, however, two of Ambon’s measurements were located at sites
with coralline limestone bedrock. While limestone only accounts for a minor part of the total
surface area of the island, Ambon has many individual mapped exposures, and those surveyed
produced Vs30 values corresponding to classes C and B. This suggests that structures built on
limestone bedrock may need to be constructed to a higher standard than those built on volcanic
bedrock. However, both class C limestone sites were located close to mapped alluvium as well as
the coast. Considering uncertainties associated with unit contacts, it is possible that these two
class C sites are located on alluvium rather than limestone, though outcrops were not observed at
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the site. More MASW measurements at limestone sites would confirm the behavior of Rayleigh
waves through Ambon’s limestone deposits.
Because Ambon’s topography is generally steep, most of its cities are built on the flatter
coastal alluvium. This means that most of the island’s 347,288 residents live and work in
buildings constructed on class C land (BPS Provinsi Maluku, 2020). The most densely populated
area of the island is the city of Ambon and its surrounding urban area along the main bay
(Ambon Bay). This is also where the damage was most severe during the 2019 and 1898
earthquakes. In 2019, the highest MMI was 7, occurring in the village of Rumah Tiga (Figure 28). Structures here are built on alluvium along the strait that separates the inner and outer
portions of Ambon Bay. In this event the city of Ambon, which is built on alluvium across the
strait and to the south, only reported an MMI of 4. However, the larger earthquake in 1898
significantly impacted both Rumah Tiga and the city of Ambon, with recorded damage
correlating to MMI observations as high as 10 (Figure 2-9; Bintang Djaoeh, 1898; Verbeek,
1898; Van Bemmelen, 1900).
The correlation between the MMI of these events and Vs30 is strongest in Ambon Bay
near Ambon and Rumah Tiga. At other locations around the island this correlation can be more
tenuous. For example, site A10, which is located on alluvium on the north side of Ambon Bay,
has a Vs30 of 209 m/s. However, its MMI (4) was lower in the 2019 earthquake than the nearby
higher-velocity site A9 (261 m/s; MMI=5) and much lower than alluvial site A3 (180 m/s;
MMI=7). Similarly, on the northeast side of the island, site A12 (347 m/s) recorded an MMI of
5, while on the north side of the island, site A6 (310 m/s) recorded an MMI of 4. The difference
between MMI=4 and MMI=5 is minor (creaking walls with no damage compared to occasional
cracked plaster or windows) but not insignificant.
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This is likely due at least in part to proximity of each site from the epicenter (which was
northeast of the island), though proximity cannot explain the disparity entirely. Proximity to the
epicenter also cannot be used in explaining disparities regarding MMI of the 1898 earthquake, as
its epicenter is unknown, but the disparities themselves can still be discussed. Villages located on
deltas on the north side of the island described damage consistent with an MMI of 4-5 due to the
1898 event, where one such delta has a Vs30 value of 231 m/s (Site A14). This is comparable to
site A9, located on alluvium along Ambon Bay with a Vs30 of 261 m/s. Rather than 4-5, though,
this area saw damage corresponding to an MMI of 6-8. The south side of the island also reported
unexpectedly intense damage (7-8), particularly near site A5, which has a high Vs30 at 453 m/s.
Again, this could be due to closer proximity to the epicenter, but without instrumentation it
cannot be known for certain.
Besides proximity to the epicenter, the same issues in correlating MMI that were
encountered with Lombok must be addressed for Ambon. The MMI observations for the 2019
event were collected by one group from Ambon’s BNPB, so inaccuracies or inconsistencies
among those observations are unlikely. These observations were also collected at the same sites
where MASW surveys were conducted, meaning even though the geologic data available for
Ambon is limited and unit contacts may be misplaced, Vs30 and MMI can still be compared
directly at each given site. Thus, the most likely factors that may contribute to unexpected MMI
observations are heterogeneous scattering of earthquake energy and other unmeasured variables
besides Vs30 that may impact site response, such as f0 and B30.
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2.4.4

Banda Islands

The sites surveyed in the Banda Islands range from NEHRP site classes B to D. All class
B sites were located on volcanic rocks or limestone, while all class C and D sites were located on
alluvium. From this it is extrapolated that land underlain by volcanic and limestone deposits
across the islands are likely class B, and those underlain by alluvium are class C to D (Figure 214). Most alluvial deposits of significant size have at least one measurement to support this,
except for three small areas of alluvium on the south and east sides of Banda Besar.

Figure 2-14. Vs30 and NEHRP site class map of the Banda Islands. Interpolation is based on the
datapoints as well as data from the region’s geologic map (Agustiyanto et al., 1994). Banda Api
was excluded from the interpolation as there were no measurements taken on the island. The
alluvial deposits on the north side of Banda Besar, the south side of Neira, and the north side of
Ai are all class C or D. Alluvial deposits on the south side of Banda Besar may also be class C.
Banda Api, however, was excluded from this extrapolation. With surficial deposits
composed of thick volcanic ash layers and very young lava flows, it is possible that surveys
taken here could produce Vs30 values that are dissimilar to those associated with older volcanic
deposits on the other islands. The smallest, uninhabited islands in the archipelago were also
excluded.
50

2.4.5

Broader Impacts

Like in most Vs30 studies, the areas with the lowest Vs30 values were flat coastal plains
filled with unconsolidated alluvium. This corroborates previous research that has correlated
decreasing slope angle to decreasing Vs30 (Ward & Allen, 2007; Allen & Wald, 2009). Stronger,
more consolidated rock is associated with higher shear-wave velocities, while its increased
competency allows this rock to maintain steeper slopes. Unconsolidated sediment, in contrast,
corresponds with low velocities. This material is more likely to be deposited at low gradients and
under lower energy conditions rather than accumulating on steep hillsides (Park & Elrick, 1998).
At each of the geographic regions surveyed, the population density is highest on low-lying
alluvial deposits with low Vs30 values.
The risk associated with large populations living on low-velocity alluvial plains can also
apply to other geologic hazards. For example, in northwest Lombok, a vertical tsunami
evacuation shelter was constructed on the alluvium prior to the 2018 earthquakes (Figure 2-15).
This structure was intended to be used in the event of a tsunami to accommodate evacuees who
would otherwise not be able to reach high ground in time. When the earthquakes struck northern
Lombok, the shelter was damaged to the point that it could not be climbed, rendering it useless.
Luckily a tsunami never followed these earthquakes, but if it had, the casualties associated with
building on low-velocity sediment would extend beyond structural damage to homes, schools,
and workplaces.
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Figure 2-15. Photograph of the tsunami evacuation shelter in Pamenang, northern Lombok.
Photo was taken a year before the 2018 earthquake series. The tsunami evacuation shelter
measures approximately 50 m long by 25 m wide by 20 m tall and could have accommodated
thousands of evacuees before it was damaged beyond use in the 2018 earthquakes.
2.4.6

Risk Reduction

The findings of this study highlight the importance of improving Indonesia’s structural
resilience against earthquakes. While addressing structures in alluvial areas with low Vs30 is
most critical, the events discussed here demonstrate that even those built in higher Vs30 areas
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would benefit from reinforcement. In Indonesia, buildings constructed of unreinforced masonry
and topped with heavy tile roofs are abundant. Indonesia’s status as a developing country and a
lack of seismic building code enforcement makes these structures all the more common, but a
change in building style is necessary to mitigate earthquake hazards.
Some alternative building materials that are more ductile, and by extension more resistant
to earthquakes, are wood or bamboo. For these materials to be used widely in Indonesian
construction, however, several obstacles must be overcome. While wood is a renewable resource
it takes years for trees to reach sufficient size for harvesting. To meet a such an increase in
demand, Indonesia’s logging industry would need to significantly upscale its operations, which
could not happen on a short timescale. Bamboo grows much faster than tree wood and so
demand could be met more quickly, but it faces its own issues in widespread adoption as a
construction material. In Indonesia, the affordability of bamboo and its widespread use in precolonial buildings has given it the cultural connotation of being a construction material used only
by the poor. A home made of bamboo is perceived as lower class than an identical building made
of masonry. This leads to people avoiding the material, even though it is inexpensive and even
though the resulting building is much more resistant to earthquake damage. As an example, when
one masonry school in northern Lombok was destroyed by the 2018 earthquakes, its
administration quickly built a replacement out of bamboo. They reported that attendance to the
new school fell significantly compared to the old school and attributed the drop to the
appearance of the building (Figure 2-16).
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Figure 2-16. Photographs of (A) a school destroyed by the 2018 Lombok earthquake series, and
(B) a bamboo school built after the earthquakes. Teachers struggled to get students to attend
school in the new building due to its construction style. This cultural problem could potentially
be mitigated by using the bamboo in a more contemporary style. An alternative method
commonly seen in northern Lombok after the earthquakes is to build the first three feet of the
building in brick and the rest in wood or bamboo. The brick would still be damaged in an
earthquake, but it would have less potential to cause human injury upon collapsing.
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Costa Rica, another developing country with a tropical climate and the potential for large
earthquakes, has found significant success mitigating earthquake hazards through steel
reinforcement. Here, buildings are largely built of steel, steel-reinforced concrete, or steelreinforced masonry. At the same time, constructing with materials such as adobe, rammed earth,
or unreinforced masonry is prohibited (CFIA, 2011; Gutiérrez, 2015). Although Costa Rica’s
gross national income per capita is 69% higher than Indonesia’s, the significant benefits of
adopting Costa Rican building practices warrant further exploration and potential
implementation by the Indonesian government.
2.5

Conclusions
Indonesia has a history of large earthquakes that have caused a significant amount of

damage to structures, with many associated human casualties. Understanding which areas are
most susceptible to intense shaking in a future earthquake allows disaster mitigation authorities
to know where they should focus their main efforts. The purpose of this study was to calculate
Vs30 for regions of Indonesia where it had previously never been measured, and to use these
data in conjunction with known geology and MMI observations to identify areas where the risk
of structural damage is highest.
In all four study areas (Pacitan, Lombok, Ambon, and the Banda Islands), the lowest
Vs30 values were found on low-lying, relatively flat coastal alluvial deposits. These
corresponded with NEHRP site classes C to D. Most non-alluvial survey sites were underlain by
volcanic rock, and there was generally not a significant difference between the ranges of Vs30
values from different volcanic formations. These sites were typically class B, though a few class
C sites were measured as well.

55

When comparing the calculated Vs30 values to MMI maps of earthquakes on Lombok
and Ambon, discrepancies were observed that could not entirely be explained by proximity of
the observation sites to the epicenters. There are several possible explanations for this such as
insufficient geological mapping of the areas or heterogenous scattering of earthquake energy.
Increasing the number of Vs30 survey sites, and for the case of Lombok, conducting surveys in
the same areas where MMI observations were recorded, may help clarify these differences.
While the measurements from this study act as foundational work for understanding Vs30
variability in the areas surveyed, more Vs30 measurements in these areas would help to produce
more accurate results than those predicted from DEM topography correlations. In addition to
Vs30, determining the dominant frequency and the shear wave velocity gradient at each site
could increase the accuracy by which zones of heavy shaking are predicted. This would involve
the use of the horizontal-to-vertical spectral ratio (HVSR) method as well as the MASW method.
Though this study focused on only four areas in Indonesia, virtually any inhabited place in the
country could benefit from having these surveys conducted locally.
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3

Sector Collapse of Banda Api

3.1

Introduction
Located within the Banda Sea, the Banda Islands comprise part of the Inner Banda Arc,

and as such, most of the islands’ surface area is volcanic. The single active volcano within the
islands is named Gunung Api, but is commonly called Banda Api for clarity, since “gunung api”
is also the Indonesian word for “volcano.” Banda Api stands at 640 m above sea level, though
taking its elevation from the ocean floor into account adds another 5800 m to its height (Figure
3-1). The island of Banda Api occupies part of a larger collapsed caldera, most of which is
underwater. This caldera also includes islands such as Neira (also called Naira) and Banda Besar
(also called Lonthoir, Lonthor, or Lontor; Figure 3-2). Banda Api has a history of frequent
eruptions since the beginning of written records, the earliest recorded in 1586 and the most
recent in 1988 (Appendix E). The volcano is an andesitic to basaltic composite volcano and its
eruptions typically have a Volcanic Explosivity Index (VEI) between 1 and 3 (Siebert et al.,
2010).
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Figure 3-1. Topo-bathymetric map of the Banda Islands and surrounding sea. The approximate
extent of the Banda volcanic complex is highlighted in red. When considering its mass below sea
level, Banda Api is large for an intra-oceanic arc volcano. The complex measures up to 145 km
in diameter and rises from a depth of up to 5800 m below sea level. Topo-bathymetric data from
GEBCO Compilation Group (2021).
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Figure 3-2. Maps of the Banda Islands. Map A shows the overall archipelago and Map B (inset
of Map A) shows the central Banda Islands and the names of associated water features. One
additional island (Manukan Island) is not shown in these maps as it is very small, uninhabited,
and located a significant distance from the rest of the islands. The Banda Islands have a total
population of about 21,000 people, most of whom live near the coast (BPS Kabupaten Maluku
Tengah, 2021).
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The geomorphology and geochemistry of the central Banda Islands bears resemblance to
the remains of another Indonesian island arc volcano, Krakatau (Krakatoa), which exploded in
1883 (Gardner et al., 2012; Winchester, 2005). Subsequently, another smaller cone, called Anak
Krakatau, emerged from Krakatau’s crater. Because it was built on the rim of the 1883 eruption
caldera, its west slope was unstable. This led to a massive sector collapse, which occurred during
an eruption on December 22, 2018. The event involved the collapse of a large portion of the
volcano’s subaerial mass into the sea, producing a tsunami that devastated nearby coastal
villages on Sumatra and Java, claiming at least 437 lives. (Ye et al., 2010).
Such a slope failure has not yet occurred on Banda Api since the beginning of written
records, but its most recent eruption (1988) occurred along an arcuate fissure that bisects the
volcano from north to south (Figure 3-3; “G. Banda Api,” 2014). This fissure may delineate a
zone of weakness along which a future failure could occur. In addition, the crater at Banda Api’s
summit is up to 150 m higher in elevation on the east side than the west side, which could
indicate a prior creep of the western flank. While no permanent structures are built on the west
side of the volcano itself, a sector collapse of this size could produce a major tsunami that would
sweep across the Banda Islands. The purpose of this study is to model the potential effect of such
an event and determine whether the hazard is great enough to warrant closer monitoring of the
slope’s stability.
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Figure 3-3. Satellite image of Banda Api. The white line illustrates the approximate path along
which fissure eruptions occurred during the most recent eruption in 1988. The ash and lava
flows from the eruption have largely been obscured by new vegetation but remain exposed near
the base of the volcano.
3.2

Methods
The most likely failure plane along which a sector collapse could occur was determined

through a combination of the previously mentioned historical data regarding the 1988 eruption,
geomorphology visible in modern satellite imagery, and by mapping scarps found at the summit.
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A field survey conducted at the peak of Banda Api located a scarp striking NNE-SSW across the
summit (Figure 3-4; Figure 3-5). The scarp is steeply dipping to vertical, suggesting deep
penetration into the volcano (Figure 3-6).

Figure 3-4. Photographs of fault at the summit of Banda Api, looking north. Photos show
different points along the same fault, with Photo B taken at a location farther north than Photo
A. Steam vents at various points on the fault and deposits a white mineral crust as seen in Photo
A. 32 cm long water bottle for scale.
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Figure 3-5. Panoramic photograph of fault at the summit of Banda Api, looking southeast. The fault motion is down to the west with
the scarp dipping steeply west to vertical. Scarp height is variable along the fault but measures up to 1 meter.
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Figure 3-6. Stereograph of measurements of the fault scarp attitude on Banda Api. At the
surface, the fault plane has a mean strike and dip of 207.5º, 84.6º W, corresponding with the
strike of fissure eruptions formed north and south of the fault during the 1988 eruption.
From these data a set of 22 points were chosen to delineate the geometry of a potential
slide (Figure 3-7). By connecting these points in three dimensions, an arcuate failure plane is
produced. Along with the parameters of the failure plane, modeling the slide requires data on the
geometry of the islands and surrounding seafloor in the form of a topo-bathymetric map. The
map is a raster and was generated from three different data sources: A raster of onshore
topography, a set of sounding measurement points for shallower water, and bathymetric contour
lines for deeper water (Figure 3-8).
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Figure 3-7. Geometry of the modeled Banda Api sector collapse. Top - Map of Banda Api and
the points used to delineate the failure plane. The subaerial portion of the plane (marked in red)
was determined first based on the aforementioned criteria. The failure plane is then extended
underwater by projecting the plane’s curve. Bottom – Cross section of Banda Api looking north.
The area shaded red is the portion of the volcano that collapses into the sea.
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Figure 3-8. Maps of elevation data used to produce the model’s topo-bathymetric raster. Map A
shows the full extent of the data while Map B is a close-up of the Map A. The yellow points are
sounding measurements, the red lines are bathymetric contours, and the greyscale shading is the
topographic raster. The white line is the coastline generated from the raster for clarity of
understanding the geography shown.
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The onshore topographic raster has a resolution of 1 arcsecond and is sourced from
NASA’s Shuttle Radar Topography Mission (SRTM), which is accessible from the USGS Earth
Explorer online data portal (US Geological Survey, 2014). Sounding measurements are sourced
from a map produced by the Indonesian Navy Hydro-Oceanographic Service in 2011, modified
from original measurements taken in 1928 and 1929 (Dinas Hidro-Oseanografi TNI Angkatan
Laut, 2011). In 2019 we field checked these soundings using a Humminbird Helix 5 CHIRP GPS
G2 sonar and GPS system at several locations in Banda Bay and Zonnegat Strait. The
bathymetric contour lines for deeper water are sourced from the website inaRISK produced by
the Indonesian National Board for Disaster Management (Badan Nasional Penanggulangan
Bencana, 2016). These datasets were interpolated into a single raster using the inverse distance
weighted (IDW) technique available on ArcGIS Pro v2.3 (Figure 3-9).
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Figure 3-9. Topo-bathymetric map of the Banda Islands produced by interpolation of elevation
data. Map A shows the full extent of the data while Map B (inset of Map A) shows the central
Banda Islands. Contours are shown in meters. The seafloor within the central Banda Islands is
largely <100 m deep. The seafloor between the central Banda Islands and the outer Banda
Islands is deeper, but still relatively shallow (<1000 m deep) compared to the >3000 m depth of
much of the Banda Sea.
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The landslide and tsunami model itself was produced from the failure plane parameters and
the topo-bathymetric map using the Tsunami Squares (TS) numerical model. To model the
landslide itself, TS works by producing a stationary Cartesian grid of squares representing the
material involved in the event (water or slide mass), each of which holds variables for thickness,
velocity, and acceleration at a single time step (Figure 3-10). When time is moved forward one
step, a “ghost square” is created with the parameters of the stationary “container square” and is
moved over the grid according to its velocity and acceleration. The matter volume and linear
momentum contained within the ghost square are then partitioned into the four container squares
it now overlaps proportional to the area overlapping each square, and the ghost square
disappears.
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Figure 3-10. Diagram of the Tsunami Squares modeling process. Black squares are fixed
container squares, while the red square is a ghost square. The parameter “𝑟𝑟𝑖𝑖 ” is the center point
coordinates of a specific square, “𝐻𝐻𝑖𝑖 ” is its thickness, and “𝑣𝑣𝑖𝑖 ” is its mean horizontal velocity.
From Wang et al., 2019.
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At each time step (defined in this model as one second), the process of moving and
partitioning parameters takes place for every square in the grid. The partitioned masses from the
moved squares are summed with the container squares they overlap to produce a new thickness
for each square at time t + dt. Similarly, the partitioned momentum is summed and then divided
by the new thickness to produce the new velocity for the square. Then, the appropriate
acceleration is applied to each square at time t + dt. After this, the entire process is repeated for
the next time step (Xiao et al., 2015; Wang et al., 2015; Wang et al., 2018; Wang et al., 2019).
The factors influencing the acceleration of the landslide squares include gravity, basal
friction, dynamic friction, and “push ahead.” Total gravitational acceleration (𝑎𝑎𝑔𝑔 ) driving a

square 𝑟𝑟𝑖𝑖 at time 𝑡𝑡 is calculated based on the slope of the top surface of the given square using

the formula:

𝑎𝑎𝑔𝑔 (𝑟𝑟𝑖𝑖 , 𝑡𝑡) = −𝑔𝑔∇ℎ 𝜁𝜁(𝑟𝑟𝑖𝑖 , 𝑡𝑡)

where 𝑔𝑔 is acceleration due to gravity, ∇ℎ is the horizontal gradient, and 𝜁𝜁 is the perturbed

position of the water’s surface (where 0 is still water). Basal friction is resistance on the sliding
surface. Acceleration due to basal friction (𝑎𝑎𝑏𝑏 ) is defined by the following formula:
𝑎𝑎𝑏𝑏 (𝑟𝑟𝑖𝑖 , 𝑡𝑡) = −𝜇𝜇𝑏𝑏 𝑔𝑔𝑣𝑣�𝑠𝑠 (𝑟𝑟𝑖𝑖 , 𝑡𝑡)

where 𝜇𝜇𝑏𝑏 is the basal friction coefficient (set here as sin(1º)), 𝑔𝑔 is acceleration due to gravity, and
𝑣𝑣�𝑠𝑠 is a unit vector in the slide direction. Dynamic friction is resistance from the air or water

displaced by the landslide. Acceleration due to dynamic friction (𝑎𝑎𝑑𝑑 ) is defined by the formula:
𝑎𝑎𝑑𝑑 (𝑟𝑟𝑖𝑖 , 𝑡𝑡) = −𝜇𝜇𝑑𝑑 𝑣𝑣(𝑟𝑟𝑖𝑖 , 𝑡𝑡)|𝑣𝑣(𝑟𝑟𝑖𝑖 , 𝑡𝑡)|/𝐻𝐻(𝑟𝑟𝑖𝑖 , 𝑡𝑡)

where 𝜇𝜇𝑑𝑑 is the dynamic friction coefficient (set as 0.05 for landslide mass and 0.0 for water), v

is the velocity of either the water or the slide square, and H is the thickness of the slide square.
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Lastly, “push ahead” describes how the moving landslide mass increases the velocity of the
water it is displacing. This is described by the following formulas:
�(𝑟𝑟
𝑣𝑣𝑆𝑆 𝑖𝑖 , 𝑡𝑡)�
𝑎𝑎𝑃𝑃𝑃𝑃 (𝑟𝑟𝑖𝑖 , 𝑡𝑡) = 𝐶𝐶𝑃𝑃𝑃𝑃 |𝑣𝑣
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where 𝐶𝐶𝑃𝑃𝑃𝑃 is the push ahead coefficient (set as 1 for thickening landslide squares and 0 for

thinning landslide squares), �
𝑣𝑣𝑆𝑆 is a unit vector in the slide direction, ∇𝑇𝑇𝑆𝑆 is the horizontal and
vertical gradient of the slide, 𝑣𝑣𝑆𝑆 is the landslide velocity, 𝑣𝑣𝑤𝑤 is the water velocity, 𝐻𝐻𝑊𝑊 is the
𝑦𝑦

water column height, 𝑑𝑑𝑇𝑇𝑆𝑆 is the change in slide thickness, ∆𝑡𝑡 is the time interval, 𝑣𝑣𝑠𝑠𝑥𝑥 & 𝑣𝑣𝑠𝑠 are
𝑦𝑦

the horizontal and vertical velocity components of the slide, 𝑣𝑣�𝑆𝑆𝑥𝑥 & 𝑣𝑣�𝑆𝑆 are the components of the

normalized velocity in the horizontal and vertical directions, and 𝑥𝑥� & 𝑦𝑦� are the unit vectors of the
horizontal and vertical components of the cartesian coordinate location. By combining all of
these, the total acceleration for a square (𝑎𝑎𝑖𝑖 ) can be obtained:

𝑎𝑎𝑖𝑖 (𝑟𝑟𝑖𝑖 , 𝑡𝑡) = 𝑎𝑎𝑔𝑔 (𝑟𝑟𝑖𝑖 , 𝑡𝑡) + 𝑎𝑎𝑏𝑏 (𝑟𝑟𝑖𝑖 , 𝑡𝑡) + 𝑎𝑎𝑑𝑑 (𝑟𝑟𝑖𝑖 , 𝑡𝑡) + 𝑎𝑎𝑃𝑃𝑃𝑃 (𝑟𝑟𝑖𝑖 , 𝑡𝑡)

Once the landslide itself is modeled, TS then models the formation and dispersion of waves
produced by any water displaced by the slide. TS approximates linear dispersive wave
propagation as well as non-linear wave inundation using a “semi-analytical” formula. This
allows for increased computational efficiency while producing accurate tsunami results when
compared to real-world events (Wang et al., 2019; Wang et al., 2021).
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3.3

Results
A vast majority of the rock involved in the sector collapse falls below sea level within one

minute of the landslide initiation. The sliding material itself achieves a maximum kinetic energy
of 5.49E11 kJ, 50 seconds (0:50) after the beginning of the slide. Seawater is displaced westward
by the landslide and the first positive wave reaches its maximum kinetic energy (4.44E11 kJ) at
1:55, at about the same time that it arrives at Ai. The wave is refracted around Ai, joining itself
on the west side of the island at 3:05. By 3:15, virtually the entire island is inundated, producing
the highest runup anywhere in the model at 82 m. While this value seems unusually high it does
have historical precedent; a tsunami of similar runup height, likely produced by an earthquake
induced submarine landslide, struck the north shore of Ambon Island in 1674 (Harris & Major,
2016).
The first arrival at Run is also positive, occurring at about 4:25. The highest runup on the
island is 64 m on the northeast side; however, there are no inhabitants on that part of the island.
At Run’s main settlement, located on the west side of the island, runup is 24 m.
The first arrival at Neira, Banda Besar, and the east side of Banda Api is also positive,
though it is not the largest wave. This first positive wave bypasses the straits of Lonthoir and
Zonnegat, refracting around the south side of Banda Besar as well as into Banda Bay through
Oostgat Strait (Figure 3-11). It sweeps across the south coast of Banda Besar in the span of about
three minutes starting at 1:45. Its runup on this part of the island is as large as 20 m, but more
commonly in the range of 10-15 m. On the north side of the archipelago, the first wave reaches
Banda Bay at about 4:00 and propagates south. On the east coast of Neira this wave reaches its
highest runup of 7.3 m near the airport runway. On the northwest-facing coast of Banda Besar, it
reaches 8.7 m near the villages of Ranag and Selamon.
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Figure 3-11. Map view of Banda Api landslide tsunami model at t=2:25 min. The first wave is
propagating outward from the landslide site, but the more complex waveform interactions have
not yet begun. Note that Ai is heavily impacted by the first wave while the straits of Lonthoir and
Zonnegat are unaffected. At the landslide site, the water displaced by the slide is rebounding into
the second wave. The red dotted line delineates the location of the cross section. Water energy at
this point is described by kinetic energy (KE), change in gravitational potential energy (D-GPE)
and total energy in joules.
As the first wave is moving along the south coast of Banda Besar and into Banda Bay, the
second and largest wave to affect the central Banda Islands is entering the straits of Lonthoir and
Zonnegat. This wave, produced by water reentering the area initially displaced by the landslide,
primarily enters Banda Bay through Lonthoir Strait starting at 3:20. On the north side of Banda
Api, it enters Zonnegat Strait at 3:30. The portion of the wave that enters Zonnegat Strait
produces a runup on the west side of Neira of 12 m as the wave reflects back and forth within the
strait. The portion of the wave that enters Lonthoir Strait causes much more damage, achieving a
runup of 14 m on the north-facing coast of Banda Besar by 5:20.
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At this point, the second wave merges with the first wave within Banda Bay (Figure 312). The interference between these two waves quickly produces complex waveforms. These
tertiary waves propagate less directionally but produce the highest wave amplitudes in the bay.
Near the village of Spansibi on the north-facing coast of Banda Besar, a runup of 25 m is reached
by 5:50. The south end of Neira, which had only seen 6 m of runup from the first wave,
experiences 23 m by 6:50. The northwest-facing coast of Banda Besar records a runup of up to
33 m by 7:25. The east-facing coast of Banda Besar is the most protected out of the central
Banda Islands due to its orientation relative to the landslide, experiencing a runup of 11 m by
8:00.

Figure 3-12. Map view of Banda landslide tsunami model at t=5:20 min. Any land that has been
previously inundated (or seafloor that is currently exposed) is shown in orange. By this point in
the model, Run is being inundated by the first wave while Ai has already been hit. The second
wave has moved into Banda Bay primarily through Lonthoir Strait and is colliding with the first,
much lower amplitude wave, which entered through Oostgat Strait.
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The easternmost island within the Banda Islands, Hatta (also known as Rozengain)
island, experiences the first arrival at approximately 5:20. The uninhabited south end of the
island sees the highest runup at 11 m by 8:00, while the inhabited north and east sides of the
island see 5-6 m by the same time. Note that the island of Manukan, located 27 km northwest of
Banda Api, is technically part of the Banda Islands, but was not included in this model due to its
small size and lack of inhabitants.
Overall, every stretch of coastline on the Banda Islands is impacted by the tsunami, with
the highest measured runup at 82.2 m on the west coast of Ai, and the lowest at 3.6 m on the east
coast of Hatta (Figure 3-13). While some of these high runup values do not represent significant
inland wave penetration due to steep slopes or cliffs along the coast, many of them do. Along
with the overtopping of Ai, significant inundation is produced on the south end of Neira and on
the coastal plains of Banda Besar (Figure 3-14). Run and Hatta are also impacted, though to a
lesser extent. Videos of the landslide and tsunami from several different angles are available
through Brigham Young University’s ScholarsArchive via the following URLs:
https://scholarsarchive.byu.edu/streaming/4/
https://scholarsarchive.byu.edu/streaming/5/
https://scholarsarchive.byu.edu/streaming/6/
Additionally, the same videos are available at high resolution through YouTube via the
following URLs:
https://youtu.be/2jUS5HhTGEo
https://youtu.be/ZqOwxQ7QmV0
https://youtu.be/ljktzrQChcs
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Figure 3-13. Map of the Banda Islands (showing pre-landslide topography) with tsunami runup heights at various points along the
coast. Shading on the map is based on the topographic slope. The highest runup shown by the model occurs on Ai, reaching an
elevation even higher than that on the affected slope of Banda Api. The tsunami produces runups in excess of 50 m on Run as well,
though these don’t penetrate far inland due to the steep slope of the island’s coast.
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Figure 3-14. Map view of Banda landslide tsunami model at t=8:00 min. Any land that has been
previously inundated (or seafloor that is currently exposed) is shown in orange. The island of Ai
is most greatly affected by the tsunami, however, coastal plains on Neira and Banda Besar are
also significantly impacted, as well as thinner stretches of coastline on Run and Hatta. It is in
these coastal plains where most of the people live.
3.4

Discussion
3.4.1

Potential Human Impact

The most current population data for the Banda Islands comes from the Indonesia 2020
Census, which indicates the islands had an overall population of 20,904 people that year (BPS
Kabupaten Maluku Tengah, 2021). Census data distinguishing the relative population of each
island have not been published at the time of writing, but by counting the number of buildings
visible in satellite photography and distributing the population across them, the population of
each island can be estimated. Similarly, the number of people in the inundation zone of the
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modeled Banda Api sector collapse can be estimated by comparing the number of buildings in
the inundation zone to the population of each island (Table 3-1).
Table 3-1. Estimated population distribution (total number and number impacted by the
landslide tsunami) across the Banda Islands.

Overall, 63% of buildings on the Banda Islands lie within the inundation zone of the
Banda Api landslide tsunami (Figure 3-15). The most severely affected island in terms of
percentage is Ai, where the entire village (home to ~1,580 people) is inundated. The village’s
coastal location and the significant height of waves striking Ai (approximately 50 m prior to
hitting the east side of the island) could kill every person living on the island. Determining the
ratio of casualties to inundated population on other islands is more difficult.
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Figure 3-15. Tsunami inundation map of the Banda Islands based on the modeled Banda Api sector collapse. Settlements on the
islands are preferentially built on flatter land near the coasts, and as a result nearly every village is inundated to some extent. This
affects an estimated 13,180 people across the archipelago.
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While Ai has the highest ratio of affected to overall population, the most severely
affected in raw numbers is Neira. Here, ~5,870 of its approximately 8,584 people are within the
inundation zone. The island is most densely populated at the south end, which is composed of
low-lying, relatively flat alluvium. Here, the topography allows waves to propagate up to 650 m
inland. Communities on the north side of the island are largely spared, as most of their buildings
sit at higher elevations.
The impact on Banda Besar is similar to, though slightly less than, that of Neira. 56% of
its buildings are inundated, representing a population of about 4,330 people. Affected villages
are located along the north- and northwest-facing coastal plains and in coves on the south and
east sides of the island. On the island of Run, where the entire population lives in one coastal
community, 70% of buildings are inundated. This corresponds to an affected population of
~1,120 people. In contrast, on the island of Hatta at the opposite side of the archipelago, only
36% of buildings are inundated (representing ~235 individuals).
The small population living on Banda Api itself, perhaps surprisingly, is the least
impacted out of any in the archipelago. Here, only 6% of buildings (representing 45 people) are
inundated. Most structures here are built along the Zonnegat Strait, where runup from the
tsunami is relatively low. In addition, even though the buildings are located close to the coast,
the sloping topography of the volcano means most are out of reach of the waves.
3.4.2

Mitigating Loss of Life

Mitigating the death toll of a traditional earthquake-generated tsunami typically relies on
evacuating the at-risk population after an earthquake occurs, but before the tsunami’s first
arrival. In such a situation the population may have as little as 20 minutes, and as much as hours
of lead time. For a well-prepared community, this amount of time is adequate for evacuation.
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Unfortunately, a sector collapse landslide tsunami of Banda Api cannot be addressed in the same
manner. The shaking of a tsunamigenic earthquake can alert coastal communities that a tsunami
is coming, but the noise of a large landslide is less likely to be universally heard or immediately
understood.
Additionally, the issue of alerting communities at the time of the slide cannot be solved in
the traditional manner of setting up tidal gauges around the volcano which are connected to a
network of onshore sirens. The proximity of Banda Api to the surrounding islands means that
even with immediate notice, many residents would not have sufficient time to evacuate. For
example, a person living in the village on the north end of Ai would have about two minutes to
evacuate between the beginning of the landslide and the first arrival of the tsunami to their
island. Considering the width of the inundation zone and the nature of the terrain involved, this
would be virtually impossible even if they were immediately aware of the need to evacuate. The
south end of Neira, in contrast, has slightly more time at about five minutes. In a scenario where
the whole population immediately knew about the landslide and incoming tsunami, some may be
able to evacuate Neira’s inundation zone within five minutes, but many would not.
Protecting the coastal residents of the Banda Islands from a sector collapse tsunami
hinges on giving them sufficient time to evacuate before the main slope failure occurs. Thus, it is
recommended that the government install an array of GPS receivers or strain gauges on Banda
Api. By comparing changes in displacement between different receivers, any slow creep of the
slope would be detected. A change from steady-state velocity to increasing acceleration of the
creep could indicate an impending collapse, providing advance warning for the government to
temporarily evacuate the residents to a safer location above potential inundation heights or
outside the archipelago. This GPS array could be complemented by periodic surveys using more
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conventional methods such as triangulation, but the necessity of constant monitoring makes
using traditional surveys alone inadvisable.
While a GPS array would be the most effective way to determine whether slope failure is
imminent, there are still circumstances under which it could fail to predict the landslide. It is
possible that the sector collapse could be triggered suddenly by an earthquake even if the array
had not recorded unusual behavior on the slope prior to shaking. It is also possible that the
landslide could be triggered by an eruption of Banda Api, similar to Anak Krakatau’s sector
collapse in 2018 (Ye et al., 2020).
A sector collapse triggered by a volcanic eruption could play out in one of several ways.
One is if the sector collapse occurs after a prolonged period of active eruption. In the days to
months after the eruption begins, any GPS receivers installed on Banda Api would likely get
covered by ash or lava flows, forcing them offline. This situation does depend to some extent on
the prevailing wind direction and intensity at the time of the eruption, but if it were like
conditions present in 1988, the entire western flank of Banda Api could be covered in ash and
rock. If this occurred before receivers record signs of an imminent landslide, the array would not
be able to provide any warning of a sector collapse. In a separate scenario, the slope could be
relatively stable prior to the start of an eruption but could destabilize to the point of failure
immediately as the eruption began. Like an earthquake-triggered collapse, a landslide of this
nature might have no warning beyond any earthquakes that precede the eruption itself.
Thus, if the sector collapse was triggered by an external event like an earthquake or
eruption, the GPS array may not have predictive power. This problem makes mitigating the risk
of the hazard significantly more difficult, as knowing when to evacuate becomes less obvious.
The best-case scenario for an eruption-triggered slide is that the residents are evacuated outside
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the archipelago ahead of time when increased seismicity around Banda Api indicates a coming
eruption. During the 1988 event, which was the first eruption in nearly a century, a large portion
of the Banda Islands’ population (>7000 people) were evacuated to the island of Ambon
(McClelland, 1988). Many remained behind, however, and this may hint at the logistical and
social challenge in evacuating all the islands for the duration of the eruption.
An earthquake-triggered sector collapse scenario presents an even greater challenge.
Considering the tectonic setting of the Banda Islands, earthquakes are a frequent occurrence, and
the idea of every resident evacuating to higher ground after an earthquake of any size is
unrealistic. However, the general tsunami hazard guideline of evacuating to high ground after
any earthquake lasting longer than 20 seconds still applies to the region. This practice could
provide some protection against a sector collapse tsunami as well as the more typical earthquakegenerated tsunamis.
3.5

Conclusions
The purpose of this study is to determine the most likely way a sector collapse of Banda

Api could occur, whether such an event would produce a tsunami of significant amplitude, and
what effect this tsunami may have on the nearby coastal communities. Modeling this landslide
using the program Tsunami Squares demonstrates that a sector collapse of Banda Api’s western
flank would lead to a catastrophic local tsunami. In the modeled scenario, nearly two thirds of all
buildings on the Banda Islands would be inundated by waves and the runup would reach as high
as 82 m. In addition, the tsunami would propagate through the archipelago quickly enough that
evacuating the population to higher ground after the main slope failure occurs is likely not
possible.
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While the Banda Islands have a long history of earthquakes, tsunamis, and volcanic
eruptions, this is the first time that an active sector collapse hazard has been identified here. The
nature of this hazard, however, requires a proactive approach to effectively mitigate the loss of
life it could cause. This study highlights the critical need for monitoring the volcano’s stability,
particularly on its western flank, using GPS receivers. Data from these instruments could allow
for the sector collapse to be forecasted with enough time to conduct a full evacuation of the low
elevations and some islands, saving thousands of lives.
Along with the monitoring of slope movement, future research would benefit from
additional in-depth field surveys of Banda Api, particularly on the north and south slopes, to
discover and map how the active fault extends beyond the summit. This would assist in the
production of more refined sector collapse models in the future. These models could predict the
effects of the sector collapse more accurately, further enabling the government’s disaster
mitigation agency to respond appropriately.
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4

Tsunami Sedimentology of the Banda Islands and Ambon

4.1

Introduction
The Banda Islands have historical records that tell of periodic earthquakes and tsunamis

that decimate the Banda Sea region. The islands’ location, surrounded by the 180-degree bend of
the Banda arc-continent collision zone, make them susceptible to tsunamis from the north, east
and south. There have been at least 20 tsunamis in the Banda Sea and 18 destructive earthquakes
of MMI VII or higher in the Banda Islands alone since 1629 (Table 4-1), which is an average of
one destructive earthquake and tsunami every 20 years. The last earthquake and tsunami to
damage the Banda Islands was the 1938 Mw=8.5 Banda Sea event, with an epicenter located 180
km to the southeast. Though recent research has begun reconstructing these historical events,
most of their source parameters are still poorly understood (Liu & Harris, 2013; Fisher & Harris,
2016; Cummins et al., 2020; Ringer et al., 2021). Understanding the history of seismicity and
major tsunamis around the Banda Islands is crucial to local hazard mitigation.
Table 4-1. Known earthquake and tsunami events of the Banda Islands with MMI ≥VII. Data
from Koninklijk Magnetisch en Meteorologisch Observatorium te Batavia, 1940; Harris and
Major, 2016; Badan Meteorologi Klimatologi dan Geofisika, 2019.
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Aside from written accounts, tsunamis often leave behind physical evidence of their
occurrence. Within the sedimentary record, sheets of marine-sourced sediment deposited onshore
of the beach, particularly in depositional settings which are otherwise fine-grained, confirm
historic or even prehistoric tsunamis or uncommon storm waves. Other characteristics such as a
basal erosional contact, the presence of rip-up clasts or unconsolidated material that predates the
tsunami, bimodal grain size distributions and fining-upward sediment within a layer qualify it as
a candidate tsunami deposit (Dawson & Shi, 2000). These indicators have frequently been used
to identify paleotsunamis in other regions (Scheffers & Kelletat, 2003). More recently, these
criteria were used in conjunction with sediment grain size analysis to recognize two major
prehistoric tsunamis on the Sunda Arc (Sulaeman, 2019).
Previously, no sedimentological analysis in prospecting for tsunami deposits had been
conducted on the Banda Islands themselves. The most closely related study was a series of
archaeological excavations conducted by Peter Lape (2000), in which he noted several horizons
that were rich in coral and shell fragments. However, these fragments, or the sediment
surrounding them, were not analyzed in greater detail. These marine sediment horizons indicate
that onshore tsunami deposits may be preserved on the islands, and that a more focused
investigation of grain size variation and other sediment in various layers may help document
historical and paleotsunamis that have occurred there. The presence of cultural items found both
above and below some of these horizons may also assist in constraining the age of such tsunami
deposits.
A common challenge in studying tsunami deposits is distinguishing them from deposits
made by large storms, which can also leave sheets of sand and marine fragments onshore.
However, storm surges, particularly around Banda Bay, are unlikely to occur because of its
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equatorial location (Figure 4-1). Due to the weakness of the Coriolis effect at the equator; storms
that do occur in the Banda Sea typically have wind speeds lower than 37 kph. No cyclone or
tropical storm has developed in or entered the Banda Sea since at least 1848 (NOAA, 2019).

Figure 4-1. (A) Intensity and tracks of storms from 1848-2018, annotated with the year of
occurrence for tracks within the Banda Sea. (B) Extent indicator of Map A including tracks of
other storms in the South Indian Ocean. Storm track data from IBTrACS Version 4, NOAA,
2019.
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This study seeks to identify whether there is sedimentological evidence of historic and/or
paleotsunamis on the Banda Islands and Ambon, and whether any potential deposits can be dated
to constrain when they may have occurred. Because one of the islands in the archipelago is an
active volcano, the sedimentary record was also studied for evidence of ashfall deposits. These
may provide potential for constraining the age of tsunami deposits. Another unique feature of
onshore deposits is the abundance of age-constraining cultural artifacts. Lape’s research found
many anthropogenic items in trenches around the Banda Islands, many of which were datable by
typology. The fact that many parts of the Banda Islands have been continuously inhabited for
millennia means datable cultural items may be found above or below candidate tsunami deposit
layers and could constrain their ages (Lape, 2000). Additionally, because earthquakes and
tsunamis are by nature catastrophic events, the tsunami deposits themselves may contain cultural
items damaged by the earthquake and buried by the subsequent waves.
While this study primarily focuses on the Banda Islands, one site on the island of Ambon
was studied as well. The Banda Islands are primarily volcanic and have no perennial streams,
while Ambon has a larger variety of geologic formations as well as rivers. Like the Banda
Islands, Ambon has experienced many historical earthquakes and tsunamis, at least 24 of which
were damaging (Table 4-2). The largest tsunami occurred in 1675 and may have reached a height
of 40 m or more. However, this event only affected the northern coast and was likely landslidegenerated. No historical tsunami in Ambon Bay has reached wave heights comparable to those of
the Banda Islands in 1629 or 1852. The largest to affect this area was the tsunami of 1950, which
reached a wave height of 3-4 m in the village of Galala.
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Table 4-2. Known earthquake and tsunami events of Ambon with MMI ≥VII. Data from US
Geological Survey, n.d.; Harris and Major, 2016; Latief et al., 2016; Badan Meteorologi
Klimatologi dan Geofisika, 2019; US Geological Survey, 2019.

4.2

Methods
Sedimentological analysis was conducted via trenches that were excavated at 7 locations

within the Banda Islands and one location on the island of Ambon (Figure 4-2). Pre-existing
trenches with straight walls in desirable locations (including a trash pit, dry well, and
construction site foundation) were also studied. Due to the lack of availability of heavy
equipment to assist in digging, trenches were dug by hand, which limited the safe depth (200 cm
in the deepest trench). In some trenches, other obstacles barred further digging, such as trench
Am1 where the water table was reached, flooding the base of the trench.
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Figure 4-2. Maps of trench locations. A – Island of Run. B – Neira and Banda Besar. C – Ambon
(in Galala village). Conditions used to choose trench sites included low elevation, close
proximity to shore, low-energy depositional environment, and known inundation during previous
tsunamis (excluding Ba2 and Ba4), as well as accessibility.
Each trench was evaluated for evidence of tsunami deposition, including characteristics
such as sand units with larger grain size relative to surrounding units, sand units with finingupward sequences, evidence of scouring and rip-up clasts at the lower contact of the unit in
question, the presence of marine-sourced rock and sediment (coral, hardpan, foraminifera, or
shell pieces) and fragments of rock, coral and cultural debris much larger than the sand grains
encasing them (Dawson & Shi, 2000).
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4.2.1

Optically Stimulated Luminescence Dating

The strongest candidate tsunami deposits were sampled for optically stimulated
luminescence (OSL) age analysis. OSL is a technique first proposed by Huntley et al. (1985) that
is used to constrain the time at which a given sediment sample was last exposed to significant
light or heat (daylight or 200-400ºC; Rhodes, 2011). After the sediment is removed from sunlight
or heat, feldspar and quartz grains in the sample begin accumulating electrons at crystallographic
defect sites within the minerals. These electrons are the result of ionizing radiation produced by
naturally occurring radioisotopes found in the sample or adjacent sediment, as well as cosmic
radiation. The electrons remain indefinitely and continue to accumulate until the next time the
sample is exposed to light or heat, at which point they are released, and photons of light are
emitted. Thus, the number of photons emitted (or the strength of the luminescence signal)
depends on the environmental dose rate and the time since last exposure to heat or light. If a
sample’s luminescence signal is measured, the dose rate is known, and the sample was not
exposed to significant heat after burial, the time since its burial can be calculated (Huntley et al.,
1985; Nelson et al., 2015).
OSL samples were collected from four units. Each sample was collected with a metal
pipe segment measuring 1.5 inches in diameter and 8 inches in length. The pipe was covered at
one end and a 2-inch-thick polyurethane foam plug was inserted before sampling to prevent
sediment mixing within the tube. The open end of the tube was placed against the unit to be
sampled, taking care to avoid signs of bioturbation, before a sledgehammer was used to pound
the tube horizontally into the unit until full. The moisture content of the horizon was sampled
with an air-tight film canister. Approximately 1 liter of sediment was then sampled from a 30centimeter radius around the tube to produce a representative sample of environmental dose rate.
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The primary sample tube was removed from the trench wall and resealed on both ends with duct
tape.
Analysis of the samples was conducted at the Utah State University (USU) Luminescence
Laboratory, using the latest single-aliquot regenerative-dose (SAR) procedures (Murray and
Wintle, 2000, 2003; Wintle and Murray, 2006). The age for each sample was calculated from 1520 small (2-5 mm) aliquots of quartz sand grains with individual diameters of 125-250 microns.
This age was determined from the equivalent dose (the amount of radiation absorbed since
exposure, or DE) and the environmental dose rate (the rate at which the sample was exposed to
natural radiation, or DR) based on the following formula:
Age (ka) =
where one gray (Gy) = 1 joule/kg.

DE (Gy)
Gy
DR ( )
ka

The contribution of ionizing radiation within the surrounding sediment to DR was
determined by analysis of K, Rb, Th, and U using techniques outlined by Guérin et al. (2011).
The contribution of cosmic radiation to DR was determined based on sample latitude, longitude,
elevation, and depth as described by Prescott and Hutton (1994). Water content was also
considered when determining the sample’s absorption of radiation (Aitken and Xie, 1990;
Aitken, 1998).
4.2.2

Radiocarbon Dating

Remains of animal bones and teeth were found in several trenches in the Banda Islands.
Well-preserved samples were collected for radiocarbon dating by accelerator mass spectrometry
(AMS) at the Center for Applied Isotope Studies (CAIS) of the University of Georgia. The
sample fraction used for dating varied based on sample composition and level of preservation:
the bones of Trench Ba1 Unit 6 and Trench Ba1 Unit 12 were dated with collagen, the tooth of
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Trench Ba3 Unit 6 was dated with dentine collagen, and the tooth of Trench Ba6 Unit 5 was
dated with bioapatite.
In addition to bone and tooth fragments, coral and shell fragments were found in most
trenches. A cobble-sized fragment of a Tridacna shell was recovered from Trench Ba2 Unit 5
and was radiocarbon dated at CAIS. Another trench dug in a previous field season near the
location of Trench Ba1, referred to here as Trench Ba0, also yielded shell and coral fragments.
These were collected from four separate units of the trench, the deepest of which reached 70 cm
deep, and were radiocarbon dated prior to the digging of Trenches Ba1-Am1. These provide
additional context to the variability of carbonate ages in sediment near Ba1.
4.2.3

Grain Size Analysis

An analysis was conducted on sediment samples taken from units of interest to determine
the grain size distribution of 30 samples taken from the Banda Islands and Ambon. US standard
sieve numbers 10 (2 mm), 18 (1 mm), 35 (0.5 mm), 60 (0.25 mm), 120 (0.125 mm), and 230
(0.0625 mm) were used. Sieving separated samples into the following Wentworth grain size
categories: ≥ pebbles, very coarse sand, coarse sand, medium sand, fine sand, very fine sand, and
≤ silt (mud) (Wentworth, 1929). The constituent weight percent of each category out of the
overall sample weight was plotted to identify whether any sample displayed a bimodal grain size
distribution, which can be associated with tsunami deposits (Putra, 2018). Large clasts of coral,
shell, bone, and cultural fragments are common in sand units, which also form a bimodal size
distribution.
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4.3

Results
4.3.1

Facies

The observed sediment units in each trench were assigned to one of 10 facies, defined by
the following parameters:
Facies 1-4 are present in the Banda Islands. Facies 1 was found at the top of most
trenches. It is composed of soily sand to sandy soil, and typically contains more silt and/or clay
than adjacent units. It is frequently a darker color, suggesting a higher concentration of organic
material. Sediment grains of Facies 1 are typically volcanic in composition, and calcareous
grains are only observed when an underlying calcareous unit is mixed with it. Considering its
position in each trench and its composition, Facies 1 is interpreted to represent a cultivated (or
otherwise disturbed) sediment horizon.
Facies 2 is a medium- to coarse-grained sand, which may have intermittent gravel. Grains
are angular to subrounded and are composed of both volcanic (rock lithics and glass) and
calcareous fragments (shell and coral).
Facies 3 is a medium-grained to gravelly sand with angular to rounded grains. The grains
are mostly calcareous (shell, coral, and/or forams) though there are some volcanic grains present
as well.
Facies 4 is composed of very coarse sand with abundant gravel. The composition of the
sand is mostly calcareous (shell and coral) with some volcanic grains. The larger, gravel-sized
grains are only composed of shell and coral.
Due to the presence of sand-sized calcareous fragments, Facies 2-4 are interpreted as
marine sediment, which would have been sourced from a beach or nearshore environment. The
variable ratio between calcareous and volcanic fragments in these facies may be due to an
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irregular distribution of submarine ash deposits, which in turn would be the result of local wind
and water current variability.
The sediment of Facies 5-7 is composed of volcanic grains. Facies 5 is the finest-grained
facies observed, with a grain size of silt and smaller. Facies 6 is a sandy mud to muddy sand
where sand grains are fine to very fine in size. Grains are angular to subrounded. Most exposures
of this facies have no internal sedimentary structure, but one unit (Trench Ba6 Unit 3; Figure 42) is reversely graded. Facies 7 is composed of medium-sized sand to gravel. The gravel-sized
material, when present, is mostly composed of pumice. Units of Facies 7 commonly have no
sedimentary structures, but those that do are normally graded and/or parallel-laminated.
Facies 5-7 are interpreted to represent onshore tephra deposits, likely from Banda Api.
For most instances of these facies, there is insufficient evidence to determine whether the
deposits are direct ashfall or whether they were redeposited by water. However, a lack of
stratification and sedimentary structures in most of these units suggests they have not been
extensively reworked by water. No perennial rivers or streams exist on the Banda Islands, so any
water-lain deposits would be due only to rainwater surface runoff. Normally graded beds may be
due to water deposition or may be the result of temporal variation in the intensity of the eruption
that produced the material. The single reversely graded bed may also be an effect of changing
eruption conditions; because the unit is located near the base of a hill, the grading could be the
result of sediment-slope interactions (a debris flow or the rolling of larger clasts over smaller
ones down the slope; Duffield et al., 1979). The one parallel-laminated unit of Facies 7 (Trench
Ba1 Unit 10; Figure 4-2) is likely water-lain, as indicated by the presence of its sedimentary
structures.
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Facies 8-10 are only observed on Ambon. The sand-sized sediment of each facies is
subangular to subrounded with the same composition: a wide variety of mostly igneous and
metamorphic rock fragments, as well as mineral fragments of feldspar, muscovite, quartz, and
serpentine. Facies 8 is composed of medium-sized sand with abundant angular, large-gravel- to
cobble-sized clasts of fossiliferous wackestone to packstone. Facies 9 is composed of mediumsand- to gravel-sized sediment and is normally graded in one unit (Trench Am1 Unit 6), while
Facies 10 is composed of medium-sized sand.
Facies 8 may have come from one of several sources. It may be a hardpan-like limestone
brought in from offshore, though the absence of sand-sized grains makes this less likely. It may
also be colluvium naturally deposited from nearby onshore limestones. Finally, considering its
shallow location in the trench, it may be anthropogenic. In this circumstance, the limestone could
have been brought to the site and distributed across the ground to facilitate driving or walking in
the area.
Due to the presence of several larger shell and coral clasts, Facies 9 is interpreted as
beach sand. The sediment of Facies 9 compositionally matches that found on the adjacent beach,
except for small, very thin shell fragments visible in the beach sand. Their absence from Facies 9
could be interpreted as the result of dissolution by near-surface groundwater. Facies 10, with an
absence of marine-sourced clasts, is interpreted to be fluvial deposits from the Ruhu River, a
stream located near the trench site. The 10 facies observed in this study are summarized in Table
4-3.
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Table 4-3. Summary of sediment facies characteristics and locations.

4.3.2

Trench Ba1

Trench Ba1 reaches a depth of 200 cm and is divided into 13 units (Figure 4-3; Figure 42). Facies 1 was observed at the top of the trench, followed by a set of Facies 2 units and a
separate set of Facies 7 units. Several of the Facies 7 units are graded, and one, Unit 10, also
features parallel laminations. Next, another 12-cm-thick deposit of Facies 2 separates the Facies
7 deposition from the base of the trench, where Facies 6 was observed. Five of the unit contacts
in Ba1 are undulatory in nature, including the contacts separating Facies 2 and Facies 7
deposition.
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Figure 4-3. Stratigraphic column of Trench Ba1. Ba1 is located on the southwest side of Neira.
Due to an error in note preservation, the log from 63-81 cm is incomplete, though it likely
contained Facies 2 deposition like Units 4 and 5. The grain size distributions available for this
trench are shown in greater detail in Figure 4-4.
Units in Trench Ba1 contain a variety of anthropogenic and natural larger clasts.
Anthropogenic artifacts include fragments of brick, porcelain, kaolin smoking pipe, and
terracotta/stoneware. Animal bones, while natural, are frequently the result of human meals and
could also be considered anthropogenic. Natural items include coral, shells, hardpan, and
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volcanic rock. Large marine-sourced clasts (coral, shell, and hardpan fragments) were found
throughout Units 2, 4, 5, and 8. They were also observed along single strata in Units 6 and 10.
The grain size distribution was assessed for Unit 2, Unit 3, and the top, middle, and base
of Unit 7 (Figure 4-4). Unit 2 is unimodal with most material composed of medium to fine sand.
Unit 3 has a slight bimodality, with a large peak at gravel and a smaller peak at medium sand.
The grain size distribution of Unit 11 varies widely from the top to bottom of the unit: The top of
the unit is slightly bimodal, with peaks at medium sand and mud. The center and base of the unit
are both unimodal, with the center peaking at coarse to medium sand and the base peaking at
coarse to very coarse sand. Note that the sieved grain size distributions for all trenches analyzed
in this study do not include the occasional larger items (e.g., large coral, hardpan, or ceramic
pieces) that may be found in these units. If these are taken into consideration as “grains,” Units 2,
4, 5, 6, 8, 10, and 11 could be considered bimodal.

Figure 4-4. Grain size distribution of units in Trench Ba1.
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OSL samples were taken from Trench Ba1 at depths of 80 cm and 194 cm, corresponding
to Unit 5 and Unit 13, respectively. For dose rate information and equivalent dose distributions
on all OSL samples in this study, see Appendix F. The OSL age and 2σ uncertainty of the
sediment at 80 cm were calculated to be 1.06 ± 0.35 ka. The age and uncertainty at 194 cm were
calculated to be 1.05 ± 0.43 ka. Both samples showed signs of incomplete solar resetting or
partial bleaching of previously accumulated OSL signals prior to burial, so ages were calculated
using the Minimum Age Model of Galbraith & Roberts (2012). In addition to OSL ages, two
well-preserved bone fragments were collected from depths of 100 cm (Unit 6) and 168 cm (Unit
12). These were radiocarbon dated and calibrated to produce several potential age ranges. The
sample from Ba1 Unit 6 produced two potential age ranges: a 69.0% probability of dating to CE
1800-1950 or later and a 26.4% probability of dating to CE 1675-1735. The sample from Ba1
Unit 12, which appears waterworn, also produced two potential age ranges: a 70.4% probability
of dating to CE 1730-1805 and a 25.1% probability of dating to CE 1645-1685. For more details
on all radiocarbon dates in this study, see Appendix F.
In addition to OSL and radiocarbon ages, particular artifacts found in the trench have
sufficiently distinct typologies as to associate them with a production date range. While this does
not provide a minimum age for the time the artifact was buried, it does establish a maximum age
for the artifact. By extension, this constrains the maximum age of the associated sediment unit.
Kaolin pipes, which were found to a depth of 160 cm in Ba1, are associated with colonialism in
the Banda Islands and were particularly common during CE 1620-1840. Part of a brown-, blue-,
and white-glazed Chinese teacup was found within Unit 8. Referred to as “Batavia-ware,” this
porcelain style was produced for export in China from CE 1700-1750. A sample of Qing-style
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Chinese porcelain with red overglaze enamel was found in the center of Unit 10 and was
produced from CE 1650-1750 (Lape, 2000).
Trench Ba0, which was dug in a previous field season ~10 m from the location of Ba1,
also produced various shell and coral fragments. Samples of these carbonates from four units
within that trench were radiocarbon dated prior to the digging of Trench Ba1. A shell recovered
from a unit with a depth 10-17 cm produced a calibrated age of 637 ± 18 (1σ) YBP, or a calendar
age of CE 1364-1400. A coral fragment recovered from a unit with a depth 26-35 cm produced a
calibrated age of 417 ± 18 YBP, or CE 1583-1621. A second shell recovered from a unit with a
depth 45-50 cm produced a calibrated age of 1708 ± 19 YBP, or CE 108-145. A third shell
recovered from a unit with a depth 50-70 cm produced a calibrated age of 736 ± 19 YBP, or CE
1583-1621.
4.3.3

Trench Ba2

Trench Ba2 reaches a depth of 165 cm and is divided into 6 units (Figure 4-5; Figure 42). Facies 1 occupies the top 40 cm of the trench before it transitions to a 13 cm thick unit of
Facies 7. Aside from these first two units, the rest of the trench consists of Facies 5 and 6. Once
piece of coral and several volcanic cobbles were observed in Unit 1, while many pieces of coral
as large as 12 cm were observed at the base of Unit 2. No clasts larger than gravel-size were
observed in the Facies 5 units (Units 3 and 6), In contrast, the Facies 6 units (Units 4 and 5)
contain abundant cobble- to boulder-sized clasts.
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Figure 4-5. Stratigraphic column of Trench Ba2. Ba2 is located on the north side of Neira. The
grain size distributions available for this trench are shown in greater detail in Figure 4-4.
Several pieces of earthenware and several rounded cobbles were observed within Unit 4.
One earthenware fragment found at a depth of 87 cm was covered in red slip, which indicates an
approximate production date of CE 0-1000. The concentration of large clasts is much denser in
Unit 5. These consist of volcanic cobbles and boulders along with large coral cobbles.
Additionally, a cobble-sized fragment of Tridacna clam shell was recovered from a depth of
100-107 cm. This shell was radiocarbon dated to a calibrated age of 5506 ± 24 (1σ) YBP, or a
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calendar age of BCE 3511-3487. An assortment of earthenware fragments was found at a depth
of 110 cm. The broken edges of several of these pottery pieces are well-rounded. No tradesourced anthropogenic artifacts were observed in Trench Ba2.
The grain size distribution was assessed for Units 2, Unit 3, and 6 (Figure 4-6). Units 2
and 3 both have a unimodal distribution, peaking at medium and fine sand for Unit 2 and mud
for Unit 3. The grain sizes of Unit 6 are bimodally distributed, with peaks at gravel-sized
particles (composed of pumice) and very fine sand to mud. If the larger volcanic rock, marine
carbonate, and anthropogenic fragments are taken into account, Units 1, 2, 4, and 5 could be
considered bimodal.

Figure 4-6. Grain size distribution of units in Trench Ba2.
4.3.4

Trench Ba3

Trench Ba3 reaches a depth of 194 cm and is divided into 10 units (Figure 4-7; Figure 42). A large part of the trench is dominated by Facies 6 and Facies 7, though one unit of Facies 5
is also present (from 134-145 cm). Compositionally, this makes Trench Ba3 most like Trench
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Ba6. Like most of the other trenches, Facies 1 is found at the top, though in Ba3 it is thicker than
in any other trench.

Figure 4-7. Stratigraphic column of Trench Ba3. Ba3 is located on the southeast side of Neira.
The grain size distributions available for this trench are shown in greater detail in Figure 4-8.
Terracotta and porcelain were found in nearly every unit, but particularly dense
concentrations of artifacts were found in two horizons of Facies 6 within Units 6 and 9. Marinederived objects were also found at these depths, including coral and hardpan pieces up to 20 cm
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in diameter. In addition to the marine objects in these units, individual pieces of coral were
observed in Unit 3, Unit 4, and at the contact between Unit 8 and 9, while a fragment of hardpan
was observed at the contact of Units 4 and 5.
An animal tooth was recovered from the cultural assemblage of Unit 6 at 120 cm deep.
This sample was radiocarbon dated and calibrated to produce two potential age ranges: a 73.8%
probability of dating to CE 1725-1810, and a 21.7% probability of dating to CE 1650-1690.
Artifacts present in Unit 6 also constrain the unit’s maximum age. Artifacts observed at the top
of Unit 6 include pipe fragments (common from CE 1620-1840), gin bottle fragments (post-CE
1620, especially CE 1700-1800); and Qing Chinese porcelain (post CE 1640). Those observed
within the cultural assemblage horizon include fragments of Batavia-ware porcelain (CE 17001750), Qing Chinese porcelain with red overglaze (CE 1650-1750), and Qing Chinese porcelain
with green enamel (CE 1700-1750).
Grain size analyses were conducted for each unit of Trench Ba6, including two for Unit 6
(top and bottom). Units of the same facies produced similar grain size distributions (Figure 4-8).
The matrix of Facies 1 is slightly bimodal, with peaks at medium sand and mud. Facies 6 is
somewhat more strongly bimodal, again with peaks at medium sand and mud. Facies 5 is
trimodal, with large peaks at gravel (composed of pumice) and mud, and a much smaller peak at
medium sand. Facies 7 is unimodal, with a peak at medium sand. If the larger volcanic rock,
coral, hardpan, and anthropogenic fragments are considered, Unit 6 and the base of Unit 9 could
be considered trimodal.
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Figure 4-8. Grain size distribution of units in Trench Ba3.
4.3.5

Trench Ba4

Trench Ba4 reaches a depth of 148 cm and is divided into four units (Figure 4-9; Figure
4-2). The first two units are Facies 1, though Unit 2 is slightly more sand-rich. Unit 3 and 4 are
both Facies 3. Their sediment is composed mostly of calcareous grains (coral and sand
fragments), with a small amount of volcanic rock and glass. Within these units, volcanic grains
are angular while calcareous grains are subrounded to rounded. The gravel-sized clasts are only
calcareous. The only larger objects found within Trench Ba4 were shell and coral fragments in
Units 1 and 2.
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Figure 4-9. Stratigraphic column of Trench Ba4. Ba4 is located on the northeast side of Run.
The grain size distributions available for this trench are shown in greater detail in Figure 4-10.
Grain size analyses were conducted for Units 2-4 (Figure 4-10). Unit 2 is bimodally
distributed with peaks at medium sand and mud, though if larger coral and shell fragments are
included it could be considered trimodal. Unit 3 is unimodal, peaking at medium sand. Unit 4 is
bimodal, with peaks at gravel and medium sand.
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Figure 4-10. Grain size distribution of units in Trench Ba4.
4.3.6

Trench Ba5

Trench Ba5 reaches a depth of 145 cm and is divided into six units (Figure 4-11; Figure
4-2). Facies 1 is present at the top of the trench, followed by three units of Facies 3 units and two
of Facies 4. Grains within the Facies 3 units vary in roundness from angular (for volcanic grains)
to rounded (for calcareous grains). Unit 3 is unusual compared to Units 2 and 4 in that it is
slightly coarser-grained and contains a larger amount of gravel. In contrast with Units 1-4, Units
5 and 6 contain abundant gravel-sized clasts of shell and coral. Trenches Ba4 and Ba5 are the
only ones in the study that are dominated entirely (besides Facies 1) by marine sediment. They
are also the only trenches which are completely absent of anthropogenic artifacts.
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Figure 4-11. Stratigraphic column of Trench Ba5. Ba5 is located on the north side of Banda
Besar. The grain size distributions available for this trench are shown in greater detail in Figure
4-12.
Grain size analyses were conducted for Units 2, 3, 5, and 6 (Figure 4-12). Unit 2 is
primarily composed of medium- to fine-grained sand with very little coarse or very fine material.
Unit 3 is somewhat coarser, with a larger percentage of gravel and a mean grain size of coarse to
medium sand. An OSL sample was taken from Unit 3 at a depth of 70 cm. The OSL age and 2σ
uncertainty of the sediment in this unit was calculated to be 0.55 ± 0.36 ka. Like in Trench Ba1,
the OSL sample showed signs of partial bleaching, warranting use of the Minimum Age Model
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to calculate the most probable age distribution (Galbraith & Roberts, 2012). Unit 4 is composed
primarily of gravel- to coarse-sand-sized grains. The base of Unit 6 is the only analyzed section
of the trench with a somewhat bimodal distribution, though like Unit 5, most of its material is
concentrated in the gravel to coarse sand categories. Other units produced unimodal grain size
distributions. If larger coral and shell fragments are considered, Units 5 could be considered
bimodal, while the base of Unit 6 could be considered trimodal.

Figure 4-12. Grain size distribution of units in Trench Ba5.
4.3.7

Trench Ba6

Trench Ba6 reaches a depth of 112 cm and is divided into seven units (Figure 4-13;
Figure 4-2). The units of this trench are generally thin and can vary widely in grain size. It is also
the only trench in the Banda Islands where Facies 1 is not present. Most of the trench is
dominated by Facies 7, with a sediment grain size of medium sand to gravel. One unit of Facies
6 and two of Facies 5 are also present. The composition of Trench Ba6 is entirely volcanic; no
calcareous grains or larger marine clasts were observed in any unit.
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Figure 4-13. Stratigraphic column of Trench Ba6. Ba6 is located on the southwest side of Neira.
Few larger items which might assist in constraining dates were found in Ba6. A pipe
fragment was observed at 27 cm deep, associated with a maximum age of CE 1620-1840. A bone
fragment was recovered from Unit 5 at 86 cm deep, and was radiocarbon dated to a calibrated
age of CE 1400-1450 (95.4% probability).
4.3.8

Trench Am1

Trench Am1 reaches a depth of 128 cm and is divided into seven units (Figure 4-14;
Figure 4-2). The facies of Am1 are unique to this location, as non-marine, non-volcanic sediment
and true fluvial processes are only found in this trench. It is located 170 meters from a perennial
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stream. Most of the trench consists of interbedded units of Facies 9 and Facies 10, though a thin
unit of Facies 8 was observed near the surface (Unit 2). Along with the abundant limestone clasts
of Unit 2, there are two zones with dense concentrations of larger items. The first is within Unit
4, which contained a large shell fragment and fragments of terracotta, brick, and porcelain. A
cat’s eye marble was also found in Unit 4 at a depth of 37 cm. This artifact is associated with an
earliest production date of about CE 1949 (Kempski, 2020). An OSL sample was taken from
Unit 4 at a depth of 38 cm. The OSL age and 2σ uncertainty of the sediment in this unit was
calculated to be 1.09 ± 0.21 ka using the Central Age Model of Galbraith & Roberts (2012). The
second assemblage of Trench Am1 is in Unit 7 starting at 124 cm, the same depth as the top of
the water table. Water infiltration prevented further digging, but items observed in Unit 7 include
porcelain, glass, and terracotta fragments. A fragment of a “J.H. Henkes” brand gin bottle found
at this depth provides a maximum deposition date of CE 1824 (Museum Rotterdam, n.d.).
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Figure 4-14. Stratigraphic column of Trench Am1. Am1 is located on Ambon, along the shores of
Ambon Bay. The grain size distributions available for this trench are shown in greater detail in
Figure 4-15.
Grain size analyses were conducted for Units 1, 4, 5, and 6 (Figure 4-15). The grain size
distribution of Unit 1 is bimodal, with peaks at gravel and medium sand. The distribution of Unit
4 is like Unit 1 though with weaker bimodality. Unit 5 and 6, in contrast, both have a unimodal
grain size distribution that peaks at medium sand. If the larger rock and anthropogenic fragments
are considered rather than just the matrix, Units 2, 4, and 7 could be considered bimodal.
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Figure 4-15. Grain size distribution of units in Trench Am1.
4.4

Discussion
Identifying tsunami beds in the trenches surveyed proved difficult, even though historical

accounts describe tsunami inundation at most of the trench locations during one or more large
events. Only three trenches contained definitively marine-sourced sediment: Trenches Ba1, Ba4,
and Ba5 (Figure 4-2). Within Ba4 and Ba5, marine sediment comprised most of the entire trench,
suggesting these may be beach deposits. While these trenches may still contain tsunami sands,
there is little evidence available to distinguish such deposits from non-tsunami marine sands. The
one potential tsunami deposit identified within these trenches is Trench Ba5 Unit 3, which has
coarser-grained sand and a higher concentration of gravel than units above and below. Trench
Ba1 was the only one surveyed that contains marine sands bounded by non-marine sands.
However, rip-up clasts and graded bedding were not observed within these units. Some featured
an undulatory (erosional) basal contact, though undulatory basal contacts were also observed in
units without recognizable marine-sourced sediment.
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Including units without the presence of carbonate sand but with larger marine carbonate
clasts significantly widens the scope of potential tsunami deposits. While large-cobble- to
boulder-sized clasts of shell, coral, or hardpan may have been brought onshore by humans for
construction of walls, direct anthropogenic influence is much less likely for gravel- to smallcobble-sized fragments. Such deposits may have also once contained sand-sized marine
carbonate grains that later dissolved due to groundwater interaction, leaving only the insoluble
tephra grains and the carbonates clasts too large to completely dissolve.
However, these clasts add a series of obstacles to the challenge of tsunami deposit
identification. Unlike sheets of sand-sized marine sediment, a larger carbonate clast deposited
onshore may continue to undergo transport by onshore processes for an indeterminate length of
time before burial while leaving little indication that it has done so. This would lead to a
stratigraphic unit produced by typical onshore depositional processes but containing one or more
larger pieces of marine-sourced carbonate. Units without carbonate sand, but with larger
carbonate clasts are more likely to be direct tsunami deposits when they contain a greater number
of larger carbonate clasts found at about the same depth.
Sediment grain size analysis was conducted on units from six trenches with the goal of
identifying units with bimodal sand grain size distribution, a known characteristic of tsunami
deposits. However, the correlation within units between their grain size distributions and the
presence of marine-derived grains or clasts was weak. Bimodal grain size distributions are just as
likely to be found in deposits that contain other tsunami evidence as deposits without tsunami
evidence. In some instances, this irregularity is attributed to larger pumice gravel in deposits of
otherwise fine-grained ash, but in others (such as the thick beach deposits of Trench Ba4 Unit 4;
Figure 4-2) the coarsest material is marine carbonate despite the unlikelihood of that unit being
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produced by a tsunami. However, if the definition of “bimodality” is extended beyond the mean
sediment composition to include large pieces of hardpan, coral, or shell, it could be argued that
every potential tsunami deposit and some of the non-tsunami deposits are bimodal as well.
Earthquakes can produce a variety of broken objects such as bricks, tile shingles, and
ceramics. Immediately following such an earthquake, these items could theoretically be
incorporated into and deposited with the sands of a subsequent tsunami. Additionally, broken
pieces of porcelain, stoneware, and other artifacts are currently found in abundance on the
surface of the beach on the south end of Neira. If this phenomenon has persisted since at least the
last major event, a tsunami hitting the south side of Neira could feasibly pick up artifacts
exposed in the intertidal zone and bring them onshore even if the earthquake does not produce a
significant number of broken items itself. One goal of this study was to explore whether horizons
rich in broken artifacts can be associated with tsunami deposits in areas with a long history of
continuous human occupation.
Several units with significant accumulations of cultural items were observed, particularly
in Trenches Ba1 and Ba3 (Figure 4-2), but no cultural unit was associated with calcareous
sediments which could act as a clear indicator for a tsunami deposit. Most units with significant
accumulations of artifacts also contain calcareous clasts made of coral, shell, or hardpan, though
the previously described difficulties in definitively assigning these clasts to a tsunami deposit
also apply here. Meanwhile, units that contain large calcareous class but few to no artifacts occur
frequently.
Ultimately, some cultural units with associated carbonate clasts may be the result of
tsunamigenic earthquakes, but those identified in this study should still only be considered
possible tsunami deposits rather than definitive ones. A cultural deposit without the presence of
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carbonate in any form, in contrast, does not provide sufficient evidence of earthquake or tsunami
origins unless it occurs at the same stratigraphic depth in several separate trenches. This type of
spatially extensive horizon correlated through multiple units is not observed in this study, but
more extensive trenching could identify whether such units exist in the Banda Islands. Finally,
careful searching of each trench for lateral stratigraphic discontinuities is necessary to ensure an
assemblage of cultural artifacts is not part of a filled refuse pit dug into older stratigraphy. Only
one such instance was observed in this study, on one side of Trench Ba1, and was excluded from
any analysis.
Using the radiocarbon dating of carbonate material to identify the age of stratigraphic
units proved unreliable. The viability of this method was first tested on four samples recovered
from different depths of Trench Ba0. The ages vary widely (from 437-1892 YBP) and the
samples are not arranged chronologically within the trench. The most likely explanation for this
is that large shell and coral pieces can persist for a significant length of time within the lowenergy environment of Banda Bay after the original organism dies. Should such a fragment wash
onshore after an extended period on the seafloor, its age would not be a reliable indicator of the
age of the associated onshore deposit. Each carbonate radiocarbon age does provide a maximum
age for the associated stratigraphic unit, but this may still be a significant overestimate of the
deposit’s age.
For example, the deepest carbonate sample recovered from Trench Ba0 yielded an age of
736 ± 19 YBP. This sample came from a unit with a depth of 50-70 cm, corresponding in depth
with Units 3 and 4 in the nearby Trench Ba1 (Figure 4-2). However, colonial artifacts (post-CE
1620) were also found in Ba1 as deep as 160 cm. Considering the proximity between the two
trenches, it is likely that both locations had very similar deposition rates. This means the

118

carbonate of Ba0 was deposited, depending on the sample, several hundred to more than a
thousand years after the shell formed, if its radiocarbon age is reliable.
Because of these results for the carbonate fragments in Ba0, most carbonates recovered
from the later trenches were not dated. The exception is the Tridacna fragment from Ba2 (Figure
4-2). This sample was chosen because its thickness compared to most other types of shell, along
with its lower porosity compared to coral of similar size, makes disturbance of the system
through recrystallization to calcite much less likely. The shell also is from the north end of Neira,
where higher wave energy would be expected to break down skeletal fragments more quickly
than in Banda Bay. Despite these factors, the sample was radiocarbon dated to a calibrated age of
5506 ± 24 YBP. It was found only 13 cm below the red-slipped earthenware fragment associated
with a production date of CE 0-1000. This indicates that like the carbonate of Ba0, the shell
piece at Ba2 was likely on the seafloor for several thousand years before being deposited
onshore, or the age analysis is unreliable. Though onshore shell and coral may be the result of
tsunamis, the associated depositional events cannot be precisely dated with the radiocarbon age
of the carbonate.
Radiocarbon age analysis of bone and tooth fragments, which likely came from livestock,
proved to be more effective in estimating deposition age. The period between the death and the
final deposition of bones onshore is likely much shorter for such an animal than for a mollusk or
coral colony. The organic nature of bone and tooth samples also favors a relatively rapid burial,
as they are more likely to decompose the longer they are exposed to the surface. This results in
radiocarbon ages that are more consistent with the typology-based ages of associated artifact
assemblages.
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Radioisotope dating of mineral grains in volcanic deposits can provide useful data for
constraining adjacent sedimentary units. While volcanic ash units occur frequently in these
trenches, their expected young ages (~100-1000 ka) fall outside the effective dating range of
such techniques. An alternative method relies on the radiocarbon dating of plant matter buried
and preserved by the ash fall. Unfortunately, no such material was observed in this study, likely
because of poor preservation conditions in the warm, wet climate. This limitation makes harder
organic material, such as bone, important in establishing age constraints.
In contrast, the four units dated by OSL (Ba1 Unit 5, Ba1 Unit 13, Ba5 Unit 3, and Am1
Unit 4; Figure 4-2) produce age ranges that are generally inconsistent with ages from other
dating methods. Note that while initially calculated as YBP, the following OSL ages are
converted to calendar ages for clarity. A sample from Trench Ba1 Unit 5 (80 cm deep) produced
an OSL date of CE 700-1400, even though abundant kaolin smoking pipes, which indicate a
deposition date after CE 1620, were also observed in the trench to a depth of 159 cm. This
indicates the OSL age is likely a significant overestimate. The second OSL sample in Trench
Ba1 came from Unit 13 at a depth of 194 cm and produced a date of CE 620-1480. This sample
is located 26 cm beneath the radiocarbon-dated bone sample at 168 cm, which has a most
probable calibrated age (70.4% probability) of CE 1730-1805. While it is possible that the 26 cm
of deposition represents 250 years of deposition (1.04 mm/y), it is much different than the
deposition rate of the rest of the trench. The kaolin pipe located at 159 cm indicates the minimum
deposition rate for the 0-159 cm portion of the trench is 3.98 mm/y, nearly four times faster than
what is required for the OSL sample at 194 cm to be accurate. There are no signs of erosion
between Units 12 and 13 that might indicate lost time between 168 cm and 194 cm. Considering
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the presence of a pipe fragment 9 cm above the bone sample, its younger age is more likely to be
accurate than the OSL age.
Like the ages in Ba1, the OSL age from Trench Am1 is significantly older than the
typology of surrounding artifacts would indicate. This OSL sample was recovered from a depth
of 38 cm, at the center of the coarser-grained Unit 4. The 2σ-probability OSL date range of the
sample is CE 880-1300. However, a cat’s eye marble found at 37 cm indicates an earliest
deposition date of CE 1949. Lower in the trench, a J.H. Henkes brand gin bottle found within
Unit 7 at 126 cm indicates an earliest deposition age for that unit of CE 1824. There was no
evidence of discontinuous unit boundaries that might suggest the digging and filling of a hole
with younger artifacts adjacent to older sediment, so it is more likely that the OSL age is
inaccurate.
The last OSL sample taken for this study came from Trench Ba5 at a depth of 70 cm. It
produced the oldest age range of any of the OSL samples at CE 190-910. Besides shell and coral
pieces, the trench contained no other dateable material that might affirm or contradict the OSL
age.
The overestimation of OSL age results is likely the result of the following factors. Most
of the samples showed variability in DE consistent with incomplete solar resetting prior to burial
(see Appendix F), requiring their OSL ages to be calculated through the Minimum Age Model.
The Minimum Age Model works by estimating DE for the well-bleached population of quartz
grains in the sample (Galbraith & Roberts, 2012). The sampled quartz aliquots, however, were
found to have suboptimal brightness, with OSL signals closer to background levels. This
increases the relative size of the standard errors and combined with the young age of the
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sediments (<1 ka) may lead to an overestimation of the time of deposition. Due to this, the
resultant OSL ages should be considered constraints for the maximum age rather than the mean.
Despite the short distance separating many of the trenches, the number, thickness, and
composition of the units in each vary significantly, which prevents lithostratigraphic correlation.
Deposition rates appear to vary significantly between the trenches based on objects found at
similar depths. A radiocarbon-dated bone from Trench Ba1 at 100 cm deep produced a most
likely calibrated age range (69.0%) of CE 1800-1950, corresponding to a deposition rate of 4.5714.5 mm/yr. Meanwhile, another bone from Trench Ba6 at 86 cm deep produced a most likely
date range (95.4%) of CE 1400-1450, corresponding to a rate of 1.39-1.51 mm/yr. A piece of
red-slipped earthenware from Trench Ba2 at 87 cm deep is typologically associated with a date
range of CE 0-1000, or a deposition rate of 0.43-0.85 mm/yr.
The lack of correlating stratigraphic units and the variation in deposition rate can be
attributed to the nature of sedimentation processes in the Banda Islands. Sediment in the
archipelago generally comes in two different forms: marine carbonate and volcanic tephra.
Marine carbonate forms offshore and may be deposited in a beach environment by typical ocean
currents and wave action, or farther onshore by tsunamis. The volcanic tephra begins as ash fall,
landing either onshore or in the water. It may remain where it first fell, or the aforementioned
oceanic forces or rainwater surface runoff may redistribute the material. These two broad
categories of oceanic and volcanic processes that deposit sediment onshore can do so with
significant lateral variation.
The amount and distribution of sediment brought onshore by a tsunami depends on the
interaction between the tsunami’s wave parameters (such as the energy and direction of
propagation) and the local landscape. Waves that arrive at the coast after passing over shallow
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seafloor with abundant sediment may bring in more sediment than those that pass over seafloor
with little sediment. Tsunami energy at the coastline, which is dependent on the individual event
as well as the coastal topography, has a significant impact on both the degree of tsunami
deposition and the degree of tsunami erosion (MacInnes et al., 2009). For the central Banda
Islands, which possess complex coastal geometry and have endured many different tsunamis, a
high degree of variation in onshore tsunami sedimentation is likely.
Like sedimentation by tsunami processes, volcanic deposition often occurs with spatial
irregularity. The location, thickness, and composition of ash fall tephra can vary depending on
distance from the volcano, wind currents, and the point in the eruption cycle when the tephra was
ejected. Where rainwater surface runoff may redistribute the tephra depends both on where the
tephra was initially deposited and the nature of the immediately surrounding topography.
Combined, these factors can lead to tephra deposits with significant lateral variability.
Taking these uncertainties into consideration, 10 candidate tsunami deposits were
identified out of the surveyed trenches. Trench Ba1 contains three candidate deposits at depths
26-84 cm, 96-118 cm, and 166-178 cm (Figure 4-16; Figure 4-2). Tsunami deposit indicators for
the lowest unit include the presence of carbonate sand and the waterworn exterior of the 7-cmlong bone, which suggests it may have lain on the beach for some time before being brought
onshore. Radiocarbon dating of this bone fragment produced a calibrated date range of CE 17301805. Based on this range, if the sediment is a tsunami deposit, it was most likely produced by
the event of April 3, 1778. If this unit represents the 1778 event, the other two candidate tsunami
deposits likely represent the events of 1841 and 1852, as these were the only major events to
occur after 1778. While minor tsunamis were also reported in 1938 and 1975, the wave heights
of these events were likely insufficient to reach and deposit sediments at Ba1.
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Figure 4-16. Simplified stratigraphic columns for Trenches Ba1 and Ba2 with tsunami deposit
candidates and age information. Candidate tsunami deposit depths are highlighted with grey
dashed lines. Ages are provided to the left of each column. Ages in italics should be considered
maximum ages, ages in bold should be considered constrained in both minimum and maximum
age. AA = artifact age (typological); 14C = radiocarbon age; OSL = optically stimulated
luminescence age.
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The center candidate tsunami deposit in Trench Ba1 is characterized by several horizons
containing larger marine clasts, including shell, coral, and hardpan fragments. Additionally, these
horizons contain volcanic rocks and artifacts such as pipe and porcelain fragments. A porcelain
fragment found in this deposit is associated with an earliest production date of CE 1700. A bone
from this deposit produced a most probable calibrated radiocarbon age range of CE 1800-1950 or
later, further constraining the age. Based on these results and the presence of one other candidate
tsunami deposit higher in the trench, this deposit most closely aligns with the tsunami of
November 26, 1841.
Like the lowermost candidate, the uppermost tsunami deposit candidate in Trench Ba1
features sand composed of volcanic rock and marine carbonate grains. The deposit also
contained fragments of shell, coral, and hardpan, along with brick fragments and a small amount
of porcelain. One sample from the deposit (Unit 3) produced a bimodal sand grain size
distribution, while another (Unit 2) was more unimodal. None of the sediment in this deposit
material provided age constrains, but considering its depth, its most likely source is the most
recent major tsunami, which occurred on November 26, 1852.
Trench Ba2 contains two candidate tsunami deposits (Figure 4-16; Figure 4-2). The lower
of these spans from 100-140 cm deep (Unit 5) and contains abundant large volcanic blocks
(cobble- to boulder-sized) along with clasts of coral and the large Tridacna shell fragment. While
some of the largest boulders could be explained as part of an anthropogenic structure, the smaller
volcanics and marine pieces are less likely to be human influenced. Well-rounded stoneware
fragments found at 110 cm deep indicate they had spent an extended period in a high-energy
environment, likely the beach, prior to deposition onshore. As this unit is located beneath a redslipped earthenware fragment which may have been produced from CE 0-1000, this candidate
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tsunami deposit represents a prehistoric event. Unfortunately, radiocarbon dating of the Tridacna
shell only constrained the age of the deposit to younger than BCE 3511.
The second candidate deposit in Trench Ba2 spans from 40-53 cm deep. Its sediment is
sandy with a unimodally distributed grain size distribution, and its base contains an assortment of
coral and volcanic rocks up to 26 cm long. These large marine clasts form the basis for the
deposit’s candidacy, but again, no objects besides the red-slipped earthenware fragment at 87 cm
constrain its date. It may represent a historic or a prehistoric tsunami.
Trench Ba3 also contains two candidate deposits (Figure 4-17; Figure 4-2). The lower of
these is located approximately 180-194 cm deep and contains cobble-sized pieces of coral,
hardpan, and volcanic rock, along with large pieces of thick terracotta and brick. The thickness
of the terracotta indicates the fragments may be broken roof tiles, a potential indicator of a severe
earthquake. The sand grain size distribution throughout Unit 9 is bimodal. While no items in this
unit could be dated, relating its depth to the other tsunami deposit candidate in Trench Ba3,
which has a radiocarbon age, suggests this second deposit is most likely from the event of
August 1, 1629.
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Figure 4-17. Simplified stratigraphic columns for Trenches Ba3 and Ba5 with tsunami deposit
candidates and age information. Candidate tsunami deposit depths are highlighted with grey
dashed lines. Ages are provided to the left of each column. Ages in italics should be considered
maximum ages, ages in bold should be considered constrained in both minimum and maximum
age. AA = artifact age (typological); 14C = radiocarbon age; OSL = optically stimulated
luminescence age.
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The higher candidate deposit of Ba3 is found at approximately 113-126 cm deep. Its
matrix is compositionally similar to the lower tsunami deposit candidate and is also bimodally
distributed. Larger items found at this depth include fragments of coral, volcanic rock,
stoneware, brick, pipes, and porcelain. Glaze on several of the ceramic fragments is associated
with production dates of CE 1650-1750 and CE 1700-1750. A radiocarbon dated bone sample
recovered from this depth constrains the age to the most likely calibrated range of CE 17251810. The only tsunami to hit the Banda Islands during this time frame occurred on April 3,
1778. Note that the age probability curves for this deposit’s bone sample and the bone sample
from the base of Trench Ba1 (also associated with 1778) are nearly identical, indicating that they
are correlated temporally if not by lithostratigraphy.
Trench Ba5 only contains one tsunami deposit candidate, found in Unit 3 at a depth of
65-75 cm (Figure 4-2). Because the entirety of Ba5 contains marine carbonate grains and clasts,
Unit 3 was identified as a candidate only due to a larger grain size than the units immediately
above or below. However, the grain size distribution of the unit is unimodal, making its true
means of deposition uncertain. An OSL sample taken at the unit produced a most probable age
range of CE 190-910. While this may be an overestimate, no other items within the trench
provide further age constraints.
No tsunami deposit candidates were identified in Trench Ba4 or Ba6, but Trench Ba6
does have a radiocarbon-dated bone fragment to provide an age constraint for its units (Figure 418; Figure 4-2). This bone fragment, recovered from a depth of 87 cm, produced a calibrated
date range of CE 1400-1450. This age makes the sediment at 87 cm significantly older than
sediments of the same depth in other trenches, indicating that the area either has an anomalously
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low deposition rate or that a significant amount of younger sediment has been removed, which
may indicate tsunami erosion.

Figure 4-18. Simplified stratigraphic columns for Trenches Ba6 and Am1 with tsunami deposit
candidates and age information. Candidate tsunami deposit depths are highlighted with grey
dashed lines. Ages are provided to the left of each column. Ages in italics should be considered
maximum ages, ages in bold should be considered constrained in both minimum and maximum
age. AA = artifact age (typological); 14C = radiocarbon age; OSL = optically stimulated
luminescence age.
Trench Am1, the only one located outside the Banda Islands, has two candidate tsunami
deposits, though a lower number of marine clasts present in this trench weakens the argument
(Figure 4-2). The lowermost deposit begins at 124 cm deep and has an unknown thickness, as its
basal contact was obscured by groundwater. The unit is characterized by coarse-grained, gravelly
sand with abundant stoneware, porcelain, and glass fragments. One gin bottle fragment from this
unit is associated with an earliest production year of CE 1824. No sand-sized or larger marine
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clasts were found within the unit, although a surface inspection of the adjacent beach revealed its
grains are generally noncalcareous as well except for thin, sand-sized shell fragments. These
fragments could easily dissolve by groundwater action after deposition. Based on the gin bottle
clast, if this deposit was produced by a tsunami, it is most likely the tsunami of December 16,
1841, or the one of November 26, 1852. Written records describe inundation and wave damage
at the Am1 trench site (Galala village) only for the 1841 event, making this event the more likely
of the two to be associated with Am1’s lower candidate tsunami deposit.
The uppermost candidate spans from 28-46 cm deep and contains a cobble-sized shell
fragment as well as fragments of glass, terracotta, brick, and porcelain. The sediment of this unit
(Unit 4) has a slight bimodality, is coarser, and contains more gravel than the sand units either
above or below it. A cat’s eye marble found at 37 cm is associated with an earliest production
date of CE 1949. Ambon’s only later tsunami occurred on October 10, 1950, so if this deposit
was produced by a tsunami, it could only be the 1950 tsunami. An OSL sample at 38 cm
produced a deposition date range of CE 880-1300, which is a significant overestimate based on
the typology of adjacent artifacts.
4.5

Conclusions
The primary purpose of this study was to determine whether historic and/or

paleotsunamis that have reached the Banda Islands and Ambon have left sedimentological
evidence of their occurrence, and whether these deposits can be identified through multiple
geochronometers. Trenches dug on the Banda Islands and Ambon revealed deposits that were
potentially produced by tsunami sedimentation; however, evidence supporting this claim is
scarce. The most convincing evidence is the presence of marine carbonates (as sand-sized grains
or larger clasts) bounded by otherwise nonmarine sediment units, increased grain size relative to
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bounding units, and the presence of broken anthropogenic artifacts, some of which are rounded
by prior erosion.
Attempts at constraining the deposition ages of these units varies in efficacy depending
on the technique. Typological studies of human artifacts produce maximum age constraints for
many units, while radiocarbon ages of organics produced probable age ranges for their associated
sediment. Radiocarbon dating of carbonate and OSL age analysis proved less effective, as they
both produced mean ages significantly older than the organic radiocarbon dates and artifact
assemblages would suggest. Considering the ages from all dating methods allows for the
association of several candidate tsunami deposits with individual historic events, though a high
degree of depositional variability on the Banda Islands prevents lithostratigraphic correlation
between trenches. This variability is expected due to multiple tsunami wave forms, scouring and
mixing of previous deposits, highly variable topography, variation in tephra depositional
patterns, or even human disturbance.
These findings show that recognizing tsunami deposits in the Banda Islands and Ambon
can be difficult, even at locations that are known to have been inundated by one or more
historical tsunamis. Future research on the quaternary sedimentology of these areas could benefit
from digging a larger number of trenches with closer spacing than those in this study, which are
separated spatially by several hundred meters or more. This would assist building correlations
across trenches and determining the scale at which lateral variation in sedimentation takes places.
On Ambon, additional trenching on the north side of the island, which was severely impacted by
the 1675 landslide-generated tsunami, may reveal tsunami deposits that are not preserved in
other parts of the island. On the Banda Islands, establishing a chronology of volcanic eruptions
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and their deposits would also assist in sedimentary correlation. By extension, this would clarify
the impact of tsunami processes on onshore sedimentation rates.
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5

Reconstructing the Source Parameters of the 1852 Banda Arc Tsunami
On November 26, 1852, a severe earthquake struck the Banda Sea of eastern Indonesia.

With an MMI as high as 11 in places, it had a catastrophic effect on the Banda Islands in
particular, virtually destroying entire villages. Shortly after the earthquake, the islands were
struck by a tsunami that destroyed remaining coastal structures and threw docked boats inland.
Written records that describe the arrival time and impact of this tsunami were recorded by Dutch
colonists in the Banda Islands as well as more distant islands like Ambon and Buru. While these
anecdotal accounts attest to the destructive power of the earthquake, there is no instrumental data
to pinpoint the epicenter or calculate the magnitude of the quake or the tsunami, or information
about the earthquake parameters, such as its orientation, rupture area or depth. The purpose of
this study was to reconstruct the most likely source parameters of this earthquake through a
Bayesian statistical inversion approach based on details from the historical accounts.
This study an ongoing collaboration with the WAVES team. This team consists of
geologists, mathematicians, engineers, computer scientists, and statisticians from BYU and five
other universities. As a researcher with a background in geology as well as skills in data sourcing
and GIS, I personally had several roles in the project. By sourcing and translating relevant
historical documents, I produced a dataset of quantifiable observations for the event at nine
different locations around the Banda Sea (Table 5-1). Then, based on geological, geographical,
and historical context, I determined the appropriate constraints for the likelihood probability
distribution curve of each observation. These distribution curves include tsunami arrival time,
wave height, wave inundation and fault parameters. These distributions are used as a “prior” to
set general limits for the Bayesian analysis. These act as a “best guess” for the parameters of the
earthquake based on the geodynamics of the Banda Arc.
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Table 5-1. Types of quantifiable observations by location recorded for the 1852 earthquake and
tsunami.

When modeling tsunami wave propagation, the resolution of coastal bathymetry can have
a large impact on the accuracy of the model’s output. For this study, the available satellite
bathymetry was not sufficient to resolve nearshore coastal geometry. To solve this problem, I
sourced, digitized, and interpolated several different data sets containing nearshore raster,
contour, and point value (sounding) bathymetry data, which were then combined with onshore
topography as well as the preexisting offshore bathymetry to produce a single high-resolution
topo-bathymetric file. I also collected depth measurements while in the Banda Islands using a
Humminbird Helix 5 CHIRP GPS G2 sonar and GPS system. I used these measurements to test
the accuracy of pre-instrumental bathymetry measurements near where tsunami height
observations were observed.
The posterior (or output) produced by this model indicates that the tsunami observations
were most likely the result of a Mw 8.8 megathrust earthquake located in the northeastern Banda
Arc (SW of Seram) along the continental subduction zone of the Seram Trough. This event is
significantly larger than what we used for the prior, as well as significantly larger than any
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shallow event that has occurred on the arc since the beginning of instrumental records. The
reconstruction of this event demonstrates that the Banda arc-continent collision in this region
does have the potential to produce megathrust events. Furthermore, instrumental data
corroborates the model’s posterior, as they indicate a seismic gap which occupies the same area
identified by the model as the 1852 rupture zone. This gap likely corresponds to the geometry of
a distinct segment of the Banda Arc. Since no other segments on the fault have been isolated up
to this point, these findings provide valuable context for the geology, tectonics, and seismic and
tsunami hazards of the region. The results of this study also have the potential to improve hazard
risk assessment in eastern Indonesia, where continual population growth and urbanization have
significantly heightened risk associated with such an event recurring compared to its impact in
1852. Finally, the framework built in this case study is applicable to other anecdotal accounts of
large earthquakes and tsunami throughout the world and can be used to improve the
understanding of pre-instrumental seismicity in many other regions.
The results of this work were published in the Journal of Geophysical Research with me
as a co-author. To read the full details of this study, please see the publication “Methodological
Reconstruction of Historical Seismic Events from Anecdotal Accounts of Destructive Tsunamis:
A Case Study for the Great 1852 Banda Arc Mega-Thrust Earthquake and Tsunami” by Ringer
et al. (2021), which is available in Appendix G. I hereby confirm that the use of this article is
compliant with all publishing agreements.
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APPENDIX C – MASW DISPERSION CURVES FROM AMBON

172

Site A1

173

Site A2

174

Site A3

175

Site A4

176

Site A5

177

Site A6

178

Site A7

179

Site A8

180

Site A9

181

Site A10

182

Site A11

183

Site A12

184

Site A13

185

Site A14

186

APPENDIX D – MASW DISPERSION CURVES FROM THE BANDA ISLANDS

187

Site B1

188

Site B2

189

Site B3

190

Site B4

191

Site B5

192

Site B6

193

Site B7

194

Site B8

195

Site B9

196

APPENDIX E – KNOWN ERUPTIONS OF BANDA API
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Table E-1. Known eruptions of Banda Api. Data from Siebert et al., 2010.
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APPENDIX F – SEDIMENT DATING DETAILS
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Table F-1. Optically Stimulated Luminescence Dating Results

Table F-2. Dose Rate Information for OSL Samples
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Figure F-1. Plots of equivalent dose (DE) distributions for the four OSL samples. Charts on the
left are probability density functions of DE, charts on the right are radial plots of DE with
overdispersion (OD).
201

Table F-3. Radiocarbon and calibrated ages of carbonate samples.

Table F-4. Radiocarbon and calibrated ages of bone and tooth samples.

Figure F-2. Calibrated radiocarbon dates of bone and tooth samples. R_Date refers to the
uncalibrated radiocarbon age; the first value is the age in YBP and the second is the 1σ
uncertainty for that sample. Samples Ba1U6, Ba1U12, and Ba3U6 have bimodally distributed
calendar age probabilities.
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Abstract We demonstrate the efficacy of a Bayesian statistical inversion framework for reconstructing
the likely characteristics of large pre-instrumentation earthquakes from historical records of tsunami
observations. Our framework is designed and implemented for the estimation of the location and
magnitude of seismic events from anecdotal accounts of tsunamis including shoreline wave arrival times,
heights, and inundation lengths over a variety of spatially separated observation locations. The primary
advantage of this approach is that all of the assumptions made in the inversion process are incorporated
explicitly into the mathematical framework. As an initial test case we use our framework to reconstruct
the great 1852 earthquake and tsunami of eastern Indonesia. Relying on the assumption that these
observations were produced by a subducting thrust event, the posterior distribution indicates that the
observables were the result of a massive mega-thrust event with magnitude near 8.8 Mw and a likely
rupture zone in the north-eastern Banda arc. The distribution of predicted epicentral locations overlaps
with the largest major seismic gap in the region as indicated by instrumentally recorded seismic events.
These results provide a geologic and seismic context for hazard risk assessment in coastal communities
experiencing growing population and urbanization in Indonesia. In addition, the methodology
demonstrated here highlights the potential for applying a Bayesian approach to enhance understanding of
the seismic history of other subduction zones around the world.
Plain Language Summary

Using modern statistical techniques, we reconstruct the
magnitude, and centroidal location of an historical earthquake (1852) in the Banda Sea of eastern
Indonesia. This is done by matching historical records of tsunami impact and damage to various locations
in the greater Banda arc with high fidelity simulations of earthquake induced tsunamis.

1. Introduction
Indonesia is one of the most tectonically active and densely populated places on Earth. It is surrounded by
subduction zones that accommodate the convergence of three of Earth's largest plates. Some of the largest
earthquakes, tsunamis, and volcanic eruptions known in world history happened in Indonesia (Harris &
Major, 2016; McCue, 1999). Since these events, population and urbanization has increased exponentially
in areas formerly destroyed by past geophysical hazards. Recurrence of some of these large events during
the past two decades have claimed a quarter million lives (Tsunami Sources 1610 B.C. to A.D. 2017 from
Earthquakes, Volcanic Eruptions, Landslides, and Other Causes, 2017).

© 2021. American Geophysical Union.
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Most casualties from natural disasters in Indonesia are caused by tsunamis (the Indian Ocean earthquake
and tsunami of 2004 is a prime example of this), which, over the past 400 years, occur on average every
3 years (e.g., [Hamzah et al., 2000]). Many potential tsunami source areas, such as the eastern Sunda
(Newcomb & McCann, 1987) and Banda (Harris, 2011) subduction zones have no recorded mega-thrust
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earthquakes (Okal & Reymond, 2003). However, some historical accounts of earthquakes and tsunamis in
Indonesia provide enough detail about wave arrival times and wave heights from multiple locations to verify
if mega-thrust events have happened in apparently quiescent regions, and assess the potential consequence
of a similar event occurring in the future. Indeed, reliance on modern instrumental records of earthquake
events to determine seismic risk severely biases hazard assessments, as the relevant temporal scales are
hundreds or thousands of years on a given fault zone. To improve risk estimates, it is imperative to draw
from historical records of damaging earthquakes, which reach beyond the 50–70 years horizon provided by
modern instrumentation.
To this end, there has been substantial effort invested in the quantification of the characteristics of pre-instrumental earthquakes and tsunamis; see for example (Barkan & Ten Brink, 2010; Bondevik, 2008; Bryant et al., 2007; Fisher & Harris, 2016; Griffin et al., 2018; Grimes, 2006; Harris & Major, 2016; Jankaew
et al., 2008; Z. Y. C.; Liu & Harris, 2014; Martin et al., 2019; Meltzner et al., 2010, 2012, 2015; Monecke
et al., 2008; Nanayama et al., 2003; Newcomb & McCann, 1987; Reid, 2016; Sieh et al., 2008; Tanioka & Sataka, 1996). As noted in these references, the historical and prehistorical data sources are sparse in details and
laced with high levels of uncertainty. To improve the usage of these imprecise accounts, we develop a systematic framework to estimate earthquake parameters along with quantitative bounds on the uncertainty
of these parameter estimates. We do this using a Bayesian statistical inversion approach already leveraged in
a variety of disciplines in the physical, social and engineering sciences, (see Dashti & Stuart (2017); Kaipio
& Somersalo (2005); Tarantola (2005); as well as Fukuda & Johnson (2008); Malinverno (2002); Sraj et al.
(2014, 2017)), to reconstruct large seismic events from historical accounts of the resulting tsunamis. These
efforts are related to a slew of recent and currently active work that seeks to determine the seismic source
of modern tsunamis by inverting the available instrumental observations (see [Fujii & Satake, 2007; Giraldi
et al., 2017; Kubota et al., 2018; Mulia et al., 2018; Percival et al., 2011; Saito et al., 2011] for example).
Our focus here is on an initial case study concerning the reconstruction of the 1852 Banda arc earthquake
and tsunami in Indonesia detailed in the recently translated Wichmann catalog of earthquakes (Harris
& Major, 2016; Wichmann, 1922) and from contemporary newspaper accounts (Swart, 1853). To proceed
with the Bayesian description of this inverse problem, we describe uncertainties in the noisy anecdotal
observations of the 1852 tsunami via probability distributions. We next supplement this historical data with
a prior probability distribution for the seismic parameters calibrated using modern instrumental seismic
data. Finally, we develop a forward model mapping seismic parameters to shoreline observations using the
Geoclaw software package (M. J. Berger et al., 2011; González et al., 2011; LeVeque et al., 2011; LeVeque &
George, 2008) to numerically integrate the nonlinear shallow water equations, predicting the evolution of
the tsunami initiated by seafloor deformation due to the earthquake itself. These three elements are then
combined with Bayes theorem to produce a posterior distribution on the location, magnitude, and geometry
of the most likely mega-thrust source for the 1852 tsunami.
Detailed information concerning the Bayesian posterior distribution, the output of our framework, is drawn
from large scale computational simulations using Markov chain Monte Carlo (MCMC) sampling techniques (J. S. Liu, 2008). The solution of the inverse problem detailed here is reproducible from the described
assumptions. Any of the assumptions can be modified by changing a few lines of code using a Python
based software package available to the public upon request, and accessible via GitHub: https://github.
com/jpw37/tsunamibayes. This highlights the utility of this approach, in that the underlying assumptions
are explicitly contained in the methodology, and as a result are inherently incorporated into the results,
that is, modification of the assumptions result in naturally occurring changes to the posterior distribution.
Moreover, the Bayesian approach regularizes the inverse problem in the sense that small changes in the
inputs should result in small changes to the results; see discussion in Section 6. Allowing for a mega-thrust
event as justified below, we find that the most likely cause of the observations for this 1852 account was an
earthquake with magnitude near 8.8 Mw and centroid to the south east of the island of Seram.
The rest of this article is organized as follows. The next section includes a review of previous efforts related
to this specific historical event, and a discussion of the source of the 1852 tsunami (mega-thrust earthquake
or submarine slump). Section 3 describes the tectonic setting of the region in consideration. Section 4 gives
a very brief overview of the Bayesian methodology, a description of the different assumptions and parameterizations used for this particular event as well as an overview of the relevant historical observations and
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the forward tsunami model used here. Section 5 discusses the results of the inference and describes in some
detail the posterior distribution that yields information on the possible earthquakes that may have resulted
in the observed tsunami. Finally Section 6 discusses the implications that can be derived from the posterior
distribution, and a discussion of future work.

2. Available Observational Data, and Previous Modeling for the 1852 Banda
Arc Event
For the Banda arc in particular, we note that there were two major tsunamis possibly connected to mega-thrust earthquakes in eastern Indonesia, witnessed in 1629 and 1852 (Wichmann, 1918). Numerical
models of these events (Fisher & Harris, 2016; Z. Y. C. Liu & Harris, 2014) show they were likely sourced
from the shallow subduction interface of the Banda arc subduction zone (Harris, 2011). This subduction
zone is largely ignored as a potential source for mega-thrust earthquakes because it involves the continental
margin of northern Australia (Cummins et al., 2020; Heuret et al., 2011, 2012). However, the high influx
of accreted material from the continental margin in the Banda subduction zone overwhelms the capacity
of the subduction channel in similar ways to the western Sunda arc of Sumatra where parts of the Bengal
deep sea fan are subducting. Strong correlations exist between trench sediment thickness and megathrust
earthquakes (Heuret et al., 2012) The Sumatra region has experienced several mega-thrust earthquakes
documented in instrumental, historical and geological records. One of the largest mega-thrust earthquakes
in modern history happened along the northern Sunda arc in 2004. Geological records of tsunami genic
events from this region indicate average repeat times over the past 7400 years of around 450 years (Rubin
et al., 2017). This statement is somewhat misleading though, as the temporal interval between events ranges from more than 2,000 years down to half a century. Such a variance in the temporal scales of seismic
activity for a single region indicates that a lack of instrumental or even historical accounts of mega-thrust
earthquakes on a given segment of a subduction zone should not be interpreted as unlikely, but rather
as inevitable (McCaffrey, 2007). argues that no low angle convergent plate boundary with over 20 mm/a
of convergence should be ruled out for producing mega-thrust earthquakes. Plate convergence across the
Tanimbar and Seram Troughs varies from 30–70 mm/a (Bock et al., 2003).
The only large earthquake recorded instrumentally near the Tanimbar and Seram Troughs is a Mw = 8.4
event in 1938 (Okal & Reymond, 2003). This earthquake was a widely felt thrust event, but the hypocenter
was too deep (60 km) to cause a tsunami >1 m (Anonymous, 1940). Apparently the earthquake also did
not cause a landslide induced tsunami even though there was intense shaking for several minutes. On the
other hand, historical accounts of the 1852 event are much more characteristic of a mega-thrust earthquake.
Like the 1938 event, it was widely felt with an estimated MMI III minimum diameter > 1,100 km (Fisher &
Harris, 2016). Unlike the deep 1938 event however, the historical account from 1852 records a tsunami wave
estimated at > 8 m high in parts of the Banda arc (Fisher & Harris, 2016).
Rather than considering a mega-thrust event as the source of the 1852 event (Cummins et al., 2020), hypothesize a submarine landslide as the primary source of the tsunami, with the latitude-longitude location
of the landslide near where (Fisher & Harris, 2016) found from limited tsunami modeling was the best-fit
centroid of a mega-thrust earthquake. There are two primary reasons why a mega-thrust earthquake cannot
be discounted versus a submarine landslide caused by a smaller earthquake as hypothesized by (Cummins
et al., 2020). Let us now successively describe both of these reasons.
First, we note that it is well established that landslide induced tsunamis, while locally more forceful and
with much higher runup wave heights, typically have a significantly shorter wave-length from the initial
seafloor disturbance and hence dissipate much more rapidly than a seismically induced tsunami. With
this in mind (Okal & Synolakis, 2004), use experimental data to develop a quantitative heuristic to assist
in determining the relative likelihood of a given tsunami being induced by a landslide or directly by the
earthquake. They define I2 as the ratio between the maximum runup wave height, and the horizontal extent
of the wave runup, and show that I2 < 10−4 for tsunamis induced by a pure seismic event, and I2 > 10−4 for
tsunamis induced by a landslide. Although (Okal & Synolakis, 2004) assumes a single, straight shoreline
perpendicular to the wave, the heuristic is shown to be remarkably accurate even for more realistic geometries. For the current setting, even if we presume a maximal runup wave height of 8m based on the historical
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8m
 2.35  10 5 which is right in line with the values calculated by
340 km
(Okal & Synolakis, 2004) for seismically induced tsunamis, but significantly less than that for landslide
induced ones. In summary the lateral reach of the tsunami itself, evident from the historical account for the
1852 event, is far too broad to warrant a landslide induced source.

account at Banda Neira, then I
2

Second (Cummins et al., 2020), rightly emphasize that the eastward convergence of a thrust earthquake
along the west-dipping subduction interface would produce a negative wave in the Banda Sea prior to the
arrival of the first positive wave, something that is not recorded in any of the historical records, but shown in
numerical models (Fisher & Harris, 2016) including those utilized below. While this argument is certainly
accurate, we note that the absence of such information in the historical account does not necessarily preclude the occurrence of such a negative wave. The morning of the event in question was a spring tide which
caused an extremely low tide level so that a small negative wave would be far less noticeable. In addition,
in the 1850s the Banda Sea region observed Moluccan time, which in November would indicate a sunrise at
approximately 7:30 a.m., only minutes prior to the earthquake. It is very likely that the Dutch officers (the
primary source of the historical record) would not take notice of a weak negative wave so near sunrise at a
spring low-tide, particularly following a devastating earthquake.
In addition to these two primary reasons, we note that the 1938 Mw = 8.4 earthquake (Okal & Reymond, 2003)
was very nearly in the same location as the proposed landslide source in (Cummins et al., 2020), yet there is
no evidence of a submarine slump occurring as a result. This makes it less likely that the earthquake source
proposed in (Cummins et al., 2020) may have induced a slump sufficient to yield the recorded tsunami.
These arguments do not eliminate the possibility that the tsunami in question was caused by submarine
slumping along the edge of the Weber Deep as proposed by (Cummins et al., 2020), but it does indicate that
the potential for a mega-thrust event as the primary source is more likely and therefore cannot be disregarded. This paper addresses the mega-thrust hypothesis directly and systematically shows that a mega-thrust
source along the Tanimbar and Seram troughs can produce a tsunami that matches the historical account.
In addition, the systematic approach taken here clearly describes the most likely location, strength and geometric layout of the 1852 earthquake if it was indeed a mega-thrust event.

3. Tectonic Setting
The Banda arc subduction zone is the eastward extension of the Sunda arc where both arcs rise above
where the Australian Plate subducts beneath the Eurasian Plate. The composition of the lower and upper
plate reverses at the boundary between the Sunda and Banda arcs: the lower plate changes eastward from
oceanic to continental and the reverse happens to the upper plate. Both arcs are partial subduction zones,
and partial collision zones. The western Sunda arc is a collision between deep sea fan deposits riding on an
oceanic lower plate and a continental arc upper plate, while the Banda arc is a collision between passive
margin deposits of NW Australia and an oceanic arc (Hamilton, 1979). At both subduction zones the Australian plate moves NNE relative to the Eurasian plate. However, the rates of motion across the subduction
zone in the Banda arc (70 mm/a (Nugroho et al., 2009),) are nearly twice those of the western Sunda arc
(Bock et al., 2003).
Like the western Sunda arc, the Banda arc consists of two chains of mountains, an inner volcanic arc and
an offshore chain of rising islands associated with offscraping and accretion of thick layers of mostly sedimentary rock riding on the subducting plate (Hamilton, 1979). In the Banda arc the accreted layers are part
of the distal Australian passive continental margin (Carter et al., 1976; Harris, 1991), which according to
multiple sources of data, has subducted to at least a depth of 300 km (Harris, 2011; Tate et al., 2015). The
Banda volcanic arc is still active though it is largely contaminated by subducted Australian continental crust
(Hilton & Craig, 1989; Whitford et al., 1977). What was a deep trench before the buoyant continental lithosphere arrived at the plate boundary is now a ‘trough’ known from SW to NE as the Timor, Tanimbar and
Seram troughs, see Figure 1. Both subduction zone interfaces are active, and rupture through sedimentary
layers that drape over the subduction interface. Earthquakes along this interface yield fault-plane solution
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Figure 1. The seismic and geologic setting for the 1852 event. The convergent plate boundaries are in red, the transvergent boundaries are in black. The arrows
in the inset map indicate motion of the Pacific and Australian plates relative to the Eurasian plate. The Australian plate is converging at a rate of 70 mm/yr and
the Pacific plate is converging at 110 mm/yr. The nine observation locations from the Wichmann catalog for the 1852 Banda arc earthquake and tsunami are
also labeled. The green rectangle indicates the region that is depicted in Figure 7 and Figure 11. The yellow rectangle is the region depicted in Figure 9.

with low-angle thrusts and mostly dip-slip slip vectors. Shortening throughout the islands rising above
these active thrusts also verge perpendicular to the plate boundary (Harris, 2011).
Another similarity between the Sumatra section of the Sunda arc and the Banda arc is that each changes
considerably in strike, which causes highly oblique plate convergence in some areas. Notwithstanding this
obliquity, several mega-thrust earthquakes are recorded in the western Sunda arc. Slip rakes of these events
are mostly parallel to one another, but largely perpendicular to the trench at the epicenter, which is nearly
90° from the Australian plate convergence direction.
We challenge the idea based on geological, geophysical and historical data that the eastern Sunda arc and
Banda arc can be dismissed as potential sources of mega-thrust earthquakes and tsunamis. In addition, the
primary results of this study, illustrated in Figures 7 and 8, imply that the 1852 event was most probably
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located along a narrow region in the eastern portion of the Banda arc and was a massive mega-thrust earthquake on the same scale as the December 2004 Sumatra event.

4. Methodology
This section lays out the complete details of the methodology we use to develop our Bayesian statistical
model of the 1852 event. We start with an overview of the components of the model.
4.1. Overview of the Bayesian Statistical Model
The Bayesian approach to statistical inversion, cf. Dashti and Stuart (2017); Gelman et al. (2014); Kaipio and
Somersalo (2005); Tarantola (2005), provides a methodology for converting uncertain outputs of a physical
model into probabilistic estimates of model parameters. This framework is perfectly suited for the anecdotal, uncertain nature of the historical accounts utilized here. Using this Bayesian methodology provides a lot
of flexibility and will be adjusted to treat a variety of other tsunami producing seismic events from historical
and pre-historical data sets in future studies.
The primary inputs required for Bayesian statistical inversion, particularly applied to the determination of
historical earthquakes are:
1. A prior probability distribution p0 describing the best guess of a set of earthquake parameters u without
considering the observations. For the 1852 event, we formulate the prior distribution via independent
distributions on the depth (and hence location) and the magnitude (and hence length and width of the
rupture zone). Further details as well as a description of the geometric layout of the ruptures are provided in Section 4.2.
2. A likelihood probability distribution L describing measured data and observational uncertainties, which
for the 1852 event are observations of tsunami arrival time, height, and coastal inundation taken from
the Wichmann catalog. The associated uncertainties are estimated from a direct textual analysis combined with other information about the shoreline locations where the event was recorded. Section 4.3
describes the selection of this data set.
3. A forward model  describing the relationship between model parameters and observations. For the
1852 event, we use the Geoclaw software package to propagate off-shore tsunami waves, supplemented
with a heuristic model that maps on shore wave heights and shoreline geometry to inundation length.
See Section 4.4 for additional details.
With these inputs specified, Bayes’ Theorem gives the posterior probability distribution pL, that is the conditional distribution of u given L ( ( u)):
1
pL (u)  L ( ( u)) p0 (u )
(1)
Z

where Z :  L ( (u )) p0 (u )du is the normalizing constant. The posterior describes in probabilistic terms the
seismic parameters u that best match both our understanding of reasonable parameter values based on the
prior distribution and observations extracted from historical records associated with the 1852 Banda arc
event. In order to extract quantitative information from our model, including a variety of marginal distributions correlating variables of interest, we make use of MCMC statistical sampling techniques (Kaipio &
Somersalo, 2005; J. S. Liu, 2008). See Section 4.5 for details.
4.2. Calibrating the Parameter Space and the Prior Distribution
To make efficient use of Bayesian methods, it is necessary to consider the dimensionality of the parameter space. As the number of parameters to be estimated increases, so does the difficulty of the sampling
problem. This ‘curse of dimensionality’ appears in this setting because Bayesian inference boils down to
the computation of high dimensional integrals. It is known that random walk MCMC methods converge
arbitrarily slowly as the dimension of the parameter space increases (Beskos et al., 2009; Roberts et al., 1997;
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Roberts & Rosenthal, 1998). Thus, we need to ensure that the dimension of the parameter space we use to
describe the earthquakes remains relatively ‘small’.
A zeroth order approach to parameterizing an earthquake, is to consider the 9-dimensional parameter space
for the Okada model (Okada, 1985, 1992) for an instantaneous rupture, as illustrated in Figure 2. In the current study, we do not consider a time-dependent rupture, although we will pursue such considerations in
future work. Even with the assumption of an instantaneous rupture, it is unreasonable to model the source
earthquake as a single rectangular rupture along the Banda arc where the strike changes quite rapidly with
latitude and longitude. Naively, an alternative would be to create an N-subfault rupture zone made up of
N rectangular subfaults that follow the geometry of the subduction zone, allowing for realistic changes in
the strike. Such a model would require a 9N-dimensional parameter space, which produces an intractable
sampling problem for any useful value of N (to capture the curvature of the Banda arc, we need a minimum
of N ≥ 3).
To reduce the dimensionality of the parameter space, we make a distinction between the (forward) model
parameters and the sample parameters. The model parameters are the direct inputs to the forward model:
in this case, the 9N Okada parameters for an N-subfault rupture. On the other hand, the sample parameters
are a reduced representation of the model parameters. As such this lower dimensional subset of sample
parameters is where we define our posterior distribution and therefore determines the dimension of the
space where the MCMC is carried out.
For reducing the number of sample parameters, a good starting point is to consider model parameters that
may be assumed to take constant values. Among the nine Okada parameters, the rake angle can be reasonably fixed to 90°. This corresponds to pure thrust motion, which acts perpendicular to the strike of the fault.
While strike-slip motion is certainly present in real mega-thrust earthquakes, thrust motion is the primary
driver of seafloor deformation, and thus tsunami formation. Within the Okada model, rake angles other
than θ = 90°are roughly equivalent to a reduction in slip by a factor of sin(θ). This coupling between the slip
and rake angle make it nearly impossible to distinguish the effect of one over the other in the inference, so
we leave the rake fixed throughout, and infer the slip instead.
Another avenue to reduce the dimensionality is to seek model parameters that can be determined from
other model parameters in the context of prior information. For the 1852 Banda arc earthquake, a detailed
model of the subduction zone geometry is available from the USGS Slab2 data set (Hayes et al., 2018).
Depth, dip angle, and strike angle can be determined from latitude and longitude, although each of these
parameters has inherent uncertainties that are associated with each variable.
Fixing the rake angle, and determining depth, strike and dip from latitude-longitude, we are left with five
of the Okada parameters: latitude, longitude, length, width, and slip. These could be chosen as the sample
parameter space. However, a problem arises in choosing the triple of (length, width, slip) as sample parameters, due to their relationship with earthquake magnitude. The scalar seismic moment M0 of an earthquake
of length L, width W, and average slip S is defined as
M0   LWS ,
(2)

where μ is the shear modulus of the rock (or Earth's crust), with dimensions of force per unit area. Using this definition, the moment magnitude Mw (Bakun, 2002; Hanks & Kanamori, 1979 [accessed July 19,
2020]) is defined as
2
Mw
(log10 M0  9.05).

(3)
3

It is clear that the empirical frequency of earthquakes of a given moment magnitude follows an exponential
distribution (Kagan, 2002), that is smaller earthquakes are exponentially more likely to occur than large
magnitude earthquakes. In order to ensure that magnitude follows an exponential prior distribution, we
remove slip from the sample parameters and replace it with moment magnitude. Given values of (moment)
magnitude, length, and width, slip can be back-calculated via Equations 2 and 3.

RINGER ET AL.

7 of 23

210

Journal of Geophysical Research: Solid Earth

Figure 2. A sketch of the fault plane geometry illustrating the Okada
parameters for an instantaneous rupture. The strike angle is the direction
parallel to the length of the fault, which is measured in latitude-longitude
relative to North. Dip indicates the angle from horizontal the fault is
inclined, and rake is the angle that indicates in what direction the slip
vector (the fault rupture) moves relative to strike. The other Okada
parameters are the hypocentral or epicentral location as specified by
latitude-longitude coordinates, the depth of the hypocenter, the amount of
slip, and the length and width of the rectangular fault.
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Equations 2 and 3 also highlight a challenge when using a random walk
proposal kernel (something we are restricted to because the forward model is far too complicated for any type of gradient based method and the
non-Gaussianity of the prior eliminates all other options) with these parameters. Since magnitude grows with the logarithm of length and width,
any fixed choice of variance for length and width in the Gaussian proposal kernel will be inappropriate for all but a limited range of magnitudes.
Therefore, we introduce magnitude-normalized substitutes for length
and width as sample parameters. Using the Wells-Coppersmith data set
(Wells & Coppersmith, 1994) (adjusted with additional data collected for
more recent and mega-thrust level earthquakes), we computed linear
least squares fits for log L and log W against magnitude. These fits are
displayed in Figure 3. Our magnitude-normalized substitutes for length
and width are Δ log L and Δ log W, the “residuals” compared to the linear
best fit. In other words: given values for Mw, Δ log L, and Δ log W, length
and width are computed as:


log L  aMw  b  Δ log L
log W  cMw  d  Δ log W

where a, b, c, d are the coefficients of the linear best fits as shown in Figure 3. Once the magnitude Mw, and length and width are found, then the
slip can be computed from 2 and 3.

To the five sample parameters (latitude, longitude, magnitude, Δ log L, Δ log W), we add a sixth parameter:
depth offset. The Slab2 data includes estimates of uncertainty in the subduction interface depth. Depth offset
accounts for this uncertainty by allowing for earthquakes that are situated somewhat deeper or shallower
than is specified in the Slab2 depth map. By the above approach, we reduce dozens or hundreds of Okada
parameters to a set of six – latitude, longitude, magnitude, Δ log L, Δ log W, and depth offset – that is both
low enough in dimension to be computationally tractable and sufficiently independent to well-represent the
possible earthquakes, as we describe next.
4.2.1. Computing Subfault Model Parameters
As mentioned above, it is necessary to model the earthquake as a collection of rectangular subfaults that
conform to the subduction interface geometry. Here we describe our approach for “decompressing” the six
sample parameters introduced above into the Okada parameters for N rectangular subfaults that follow the
interface geometry provided by Slab2.
The basic approach is to “break” a single rectangular rupture zone into an m × n grid of identical subrectangles, which are then oriented to conform to the interface geometry. Each of these subrectangles has length
L/m and width W/n, where L and W are the length and width of the full rupture zone. The difficulty then
lies in choosing the number of subfaults, and identifying the dip angle and strike orientation for each one
so as to best match the fault geometry.
For ease of implementation, we use odd values of m and n. We found that m = 11 and n = 3 made an appropriate fit for the 1852 Banda arc earthquake, adequately capturing the geometry without over-fitting the
parameter space. These values of m and n are used for every sample, regardless of the magnitude. To determine the orientation and location of each subfault, we place a single point at the latitude and longitude of
the centroid of the full rupture zone. Using the Slab2 map of strike angle, we move in opposite directions,
staying parallel to strike. Every L/m kilometer, we place another point. This continues until m points are
placed. For each point, we then move in opposite directions, perpendicular to the strike angle, placing
points every W/n kilometer, until all mn points have been placed. These points are the latitude/longitude
coordinates for the centers of the subrectangles. This procedure is displayed in Figure 4.
Having specified the latitude, longtitude, length, and width for each subrectangle, the remaining Okada
parameters are determined as follows. Each subrectangle is given the same slip value as determined by (2)
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Figure 3. Wells-Coppersmith and modern data plotted alongside linear best fits for log L and log W against Mw.

Figure 4. Placing subrectangles contoured to interface geometry. First, a point is placed at the center of the rupture
zone. Points are then placed forwards and backwards following the strike angle (essentially following level curves of
depth). Additional points are placed updip and downdip. Using Slab2 depth, dip, and strike data, Okada parameters for
rectangles centered at each point are computed.
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and (3). The strike and dip angles are determined by the Slab2 strike and dip maps using the centroid of
each subrectangle as the reference point. The depth is determined by the Slab2 depth map, plus the value of
the depth offset sample parameter (universal to all subfaults). As discussed above, all subfaults are assigned
a rake angle of 90°.
4.2.2. Specifying the Full Prior Distributions
Selection of appropriate prior distributions is a key step in good Bayesian inference. An over-specified prior
can overwhelm the data, and an under-specified prior may allow for parameter values that are non-physical.
Having discussed the map from sample parameters to model parameters, we now discuss our choice of prior
distributions for latitude, longitude, magnitude, Δ log L, Δ log W, and depth offset for the 1852 Banda arc
event.
Prior constraints on earthquake latitude and longitude are derived from the subduction interface geometry.
Large earthquakes can only be supported in a certain range of depth: too deep, and the crust is too plastic
to store the elastic strain energy necessary for a large earthquake (Sallarès & Ranero, 2019), to shallow, and
the rupture interface would extend above the surface. In addition, an earthquake with the potential for
generating a tsunami is even more constrained in depth. We take the approach that, a priori, depth is the
primary constraint on earthquake location. Since the Slab2 data set gives a depth map for the subduction
zone along the entire Banda arc, any probability distribution on depth produces an implied distribution on
latitude and longitude, at least for mega-thrust events like those considered here. Based on the augmented
Wells-Coppersmith data set, we chose a truncated normal distribution for depth. This distribution is supported on [2.5, 50] kilometers, with a mean of 30 km and a standard deviation of 5 km. Evalutating the pdf
of this distribution at each latitude/longtitude coordinate, via the Slab2 depth map, gives a non-negative
continuous function. Although this function does not integrate to unity, the normalizing constant cancels
out in the evaluation of the Metropolis-Hastings acceptance parameter α, i.e. this function provides an adequate weight for the latitude and longitude sample parameters. The unnormalized logpdf of the latitude/
longitude prior is displayed in the left panel of Figure 7. As this figure illustrates the likely locations of the
centroid of the earthquake only, there is potential for an event that extends above the surface, if the centroid
is located near 2.5 km in depth. These events are automatically rejected in the Metropolis–Hastings step by
assigning a likelihood of 0.
As discussed above, earthquake magnitude is observed to approximately follow an exponential distribution.
Clearly however, the exponential scaling cannot continue indefinitely in the large magnitude regime, and
a number of approaches have been used to address this (see (Kagan, 2002)). We take the simple approach
of right-truncating the exponential distribution at magnitude 9.5, that is we do not allow for an event of
magnitude greater than 9.5 Mw. A consensus estimate for the parameter of the exponential distribution is λ
= 0.5 (Kagan, 2002), which we use here.
Since Δ log L and Δ log W are magnitude-normalized length and width, defined as residuals against a linear
best-fit, we chose Gaussian prior distributions with mean zero for each of these sample parameters. The
standard deviations for these distributions are determined from the sample variances for the residuals in the
augmented Wells-Coppersmith data set against the linear fit (see Figure 3). These values are σΔ log L = 0.188
and σΔ log W = 0.172.
The prior for depth offset was chosen based on the Slab2 depth uncertainty data. The average reported
uncertainty is roughly 5 km, so a mean-zero normal distribution with standard deviation of 5 was selected.
4.3. The Historical Data Set, the Relevant Uncertainties, and Assigned Likelihood Distributions
4.3.1. Overview of Historical Account and Potential Observations
Observations are selected from the historical accounts in the Wichmann catalog (Wichmann, 1918, 1922)
based on two key criteria. First, the account has to provide an identifiable location (latitude-longitude)
that can be incorporated into the modeling. In other words, the details provided in the historical account
must be sufficiently accurate to yield a precise location via modern-day maps and information. Second, the
account has to be sufficiently detailed that some level of confidence can be placed on the observable in question. Note that drawing from a catalog of this kind introduces unavoidable ambiguities that do not apply to
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modern instrumental data. For example, we specify the wave height based on passages of the form “[t]he
water rose to the roofs of the storehouses and homes,” as described in more detail below.
Thirteen different observations for the 1852 Banda arc tsunami meet these criteria spread across nine locations, which are shown in Figure 1. These include three types of observations:
1. A
 rrival time: The arrival of the first significant wave after the shaking stopped. We assume that the arrival time refers to the first wave, not the maximal one
2. Maximum wave height: This is the most frequent observable, and is identified at every location. We emphasize here that the observations are often taken near the shore, but not exactly on the shoreline. To
account for this, we widen the relevant likelihood distributions, although neglecting the shoreline to
on-shore effects will only under-estimate the power of the wave and hence strength of the seismic event
3. Inundation length: This refers to the distance inland that the wave traveled onshore, and is actually interpreted for our purposes as a deterministic function of the wave height. This essentially places a double
amount of weight on those locations that have observations of both wave height and inundation
Based on the text of each account, a probability distribution is developed describing the probabilistic likelihood that each observation took a given value. These distributions, which are assumed to be independent,
are shown in Figure 5. Rather than explain the reasoning behind all thirteen of these likelihood distributions for each of the nine locations, we only provide a detailed discussion of the likelihood for a single
location: Banda Neira.
4.3.2. Banda Neira: A Sample Likelihood Distribution
Observations at this location are primarily taken from page 242 in the Wichmann catalog which states in
part: “Barely had the ground been calm for a quarter of an hour when the flood wave crashed in…The water rose to the roofs of the storehouses and homes…[the wave] reached the base of the hill on which Fort
Belgica is built on Banda Neira”. We expect the wave height observation to be near the boat dock on Banda
Neira which is just east of Fort Nassau. For the available bathymetry data, we seek a location near that point
that will maintain a sizable wave for a reasonably initiated tsunami. With this in mind, we select − 4.524°
latitude and 129.8965° longitude as the observation location.
Using 15 min as the anticipated arrival time of the wave at Banda Neira is too simplistic for these circumstances. In particular, it is noted in other locations that the shaking lasted for at least 5 min, but the modified
Okada model used in Geoclaw here assumes an instantaneous rupture. Hence we build into the likelihood,
a skew toward longer times with a mean of 15 min. This is done with a skew-normal distribution with a
mean of 15 min, standard deviation of 5 min, and skew parameter 2.
Assuming standard construction for the time period for the homes (and storehouses) we can assume the
water rose at least 4 meters above standard flood levels as most buildings of the time were built on stilts
and had steep vaulted roofs. Based on the regular storm activity in the region we can expect that with high
tide, and normal seasonal storm surge, the standard flood level is also approximately 2 m in this region.
This leads us to select a normally distributed likelihood for wave height with a mean of 6.5 m and standard
deviation of 1.5 m, allowing for reasonable likelihood values for wave heights in the range from 3 to 9 m.
To quantify the wave reaching the base of the hill, we measured the distance from 20 randomly selected
points along the beach to the edge of said hill in arcGIS. The mean of these measurements was 185 meters,
with a standard deviation of roughly 65 m. Thus we choose a normal distribution with those parameters.
Without more detailed information about the coastline, and a direct idea of the direction of the traveling
wave, we cannot be more precise with regard to the inundation, but this is sufficient for the model we use
(as described below).
4.3.3. Overview of all Likelihoods
The likelihood distributions for the other 8 locations are constructed in a very similar manner to that described above for Banda Neira and shown graphically in Figure 5. The current investigation has assigned
each likelihood to a single latitude-longitude location based on the historical record. Such a specific assignment is reasonable only if the likelihood distributions are sufficiently wide to account for bathymetric and
model dependent resolution differences along the coastline which is a reasonable assumption although
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Figure 5. 1852 Banda arc tsunami likelihood densities for the 13 observations at 9 locations. Each likelihood density
represents an interpretation of the Wichmann catalog description. The same color scheme is used for all 3 types of
observations, but only Banda Neira and Saparua included wave arrival time and inundation length.

certainly not one that is guaranteed. In future studies we will address this issue by weighting the wave
heights and arrival times from a collection of nearby latitude-longitude locations.
The total likelihood of a given event is computed as the product of these individual observational likelihoods (we rely heavily on the assumption that each observable is independent of the others). The assumption of independence of the different observations is certainly questionable, but there is also no reason to
suppose that a more complicated construction of the total likelihood is preferable, that is. we have chosen to
take the most simplified approach without making additional unjustifiable assumptions about the structure
of the likelihood.
4.4. The Forward Model
Calculation of the forward model that maps seismic events to quantitative observables is the most complicated and computationally expensive part of the inversion process. We compute the tsunami observations
resulting from seismic events by numerically integrating the shallow water equations in a restricted region
surrounding the Banda Sea.
4.4.1. Geoclaw Integration and “High” Resolution Bathymetry
The propagation of the tsunami waves is computed via the nonlinear shallow water equations supplemented with the appropriate initial and boundary conditions dictated by the specified Okada parameters and bathymetry of the region. We simulate the tsunami generated by each Monte Carlo sample using the Geoclaw
software package (Berger et al., 2011; González et al., 2011; LeVeque et al., 2011; LeVeque & George, 2008),
which employs an adaptively generated mesh for a finite volume based scheme. For bathymetry (sea-floor
topography) we use the 1-arcminute etopo data sets available from the open access NOAA database (https://
www.ngdc.noaa.gov/mgg/global/global.html) referred to hereafter as NOAA bathymetry, and for the coastline near each observational point we utilize higher resolution digital elevation models (DEM) from the
Consortiom for Spatial Information (CGIAR-CSI, http://srtm.csi.cgiar.org/srtmdata/) referred to below as
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DEM coastlines. These higher resolution topographical files yield a 3-arcsecond resolution on land, but give
no additional information on the sub-surface bathymetry.
In addition to these DEM coastline datasets and the NOAA bathymetry, we also took advantage of detailed
sounding maps available from the Badan Nasional Penanggulangan Bencana (BNPB or Indonesian National Agency of Disaster Countermeasure, see http://inarisk.bnpb.go.id). To convert this data into digitally
accessible information, contours were taken from images exported from the website and then traced and
interpolated in arcGIS to produce approximate depths in the same regions as the DEM files. For example,
the bathymetric readings based on this data are shown in Figure 6 for the bay of Amahai. The upper left
panel in Figure 6 depicts the bathymetry data that is gleaned from the BNPB and digitized by interpolating
across contours of constant depth in arcGIS. The upper right panel of Figure 6 depicts the bathymetry/topography from the NOAA bathymetry data set. Using the built in interpolative methods in Geoclaw's topotools package (topotools.interp_unstructured with the cubic interpolant, and a proximity radius of 1,000), we
interpolate the coastline and coarse bathymetry from the NOAA data set to match the bathymetric contours
from the upper right panel to produce the lower left panel. This lower left panel does not accurately capture
any of the topographical features of the coastline and suffers significantly from interpolant error onshore as
there are no bathymetric readings there. The actual shoreline and onshore topography is then overlaid from
the DEM coastlines on top of the bottom left panel of Figure 6 to create the final product which is seen in
the bottom right panel of the same figure. This retains the improved bathymetric contours, and yields an
accurate coastline and near-shore topographical profile.
This same process is repeated for Palau Buru, and the coastline near the islands of Ambon, Saparua, Haruku, and Nasu Luat. All of these high resolution bathymetric files are used by Geoclaw when the wave
approaches these locations onshore.
For the region near Banda Neira and Palau Ai, the bathymetric data was still quite rough, particularly for
the narrow channels between Banda Neira, Banda Api, and Lonthor. We obtained a set of soundings for this
region from a map published by the Kepala Dinas Hidro-Oseanografi (the Indonesian Navy Hydrography
and Oceanography Center) from data collected primarily in 1928/1929 (Detailed Soundings of the Banda
Islands, 2011). Using the same approach as described above for the bay of Amahai, these discrete soundings
are interpolated for the entire region surrounding the Banda islands (except that a linear interpolant is used
instead of cubic due to the sparsity of the measurements) and overlayed with the DEM coastlines.
For the forward simulations of the tsunami wave, we employ an adjoint-based adaptive mesh strategy (Davis
& LeVeque, 2016). This entails solving a linearized adjoint equation backward in time with sources centered
at each gauge location The solution of the adjoint equation produces waves that propagate backward in time
from the desired observation locations to indicate what part of the forward wave will eventually influence
the tsunami at those locations (see [Davis & LeVeque, 2016] for details). To initialize the adjoint solver, we
place a smoothed Gaussian perturbation h(x, y) to the wave height at each gauge location given by:
h( x , y ) 
 exp(rk2 / 150),
(4)
k

where rk is the distance from the point (x, y) to the gauge location (xk, yk). The solution of the linearized
adjoint problem guides the choice of refinement regions of the fully nonlinear forward model, indicating
where the wave that will reach the observed locations will be at specific times. The benefit of using this
approach as noted in (Davis & LeVeque, 2016) is that only those parts of the wave that will reach the desired
locations are refined, i.e. the mesh refinement is restricted to those parts of the domain (in both space and
time) that will most influence the final wave at the desired location. In addition, for the application at hand,
we only need to run the backward adjoint solver once, and then the generated output can be used for every
sample so long as the gauge locations are not changed. This saves a substantial amount of computational
cost, allowing us to use a much finer mesh near the observational locations than a standard adaptive mesh
would have allowed.
We use an adaptive mesh with 6 levels, starting with 6 arcminute resolution in the open water with no
motion, and then going through 2×, 2×, 2×, 3×, and 5× grid refinements to those regions where the adjoint
indicates the wave will be, resulting in the finest grid of 3 arcseconds which matches the fine resolution of
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Figure 6. Combining all of the bathymetric and topographical sources into a single file for the bay near Amahai. The
upper left figure demonstrates the bathymetry drawn from the level curves exported from http://inarisk.bnpb.go.id.
The upper right figure shows the level of resolution for the NOAA bathymetry data. The lower left figure shows the
interpolation of these two data sets after zeroing out all positive values of the topography from the NOAA bathymetry.
Removing the positive topography creates some oscillatory behavior near sea level that is removed in the next step.
The lower right figure is the final product, combining the improved bathymetric data with the digital elevation model
(DEM) coastline data set.

the DEM coastline files. This choice of refinement levels is made as it appears to be optimal computationally
to reach 3 arcsecond resolution at the finest grid. This means that the mesh levels are given by 6, 3, 1.5 arcminute, 45, 15, and 3 arcsecond resolution, respectively. In addition to this dynamic adaptation of the mesh,
we statically fix regions near each gauge at the highest mesh resolution (3 arcseconds) for the entirety of the
simulation, thus accurately capturing the wave characteristics near the observed locations. Implementation
of such a highly refined grid for the region in question required some minor modification of the default
list lengths in the fortran code as described in the code repository. The backward adjoint solver is run on a
15 arcsecond grid and the output files are saved every 5 min to ensure adequate spatial and temporal resolution for the dynamic grid refinement. Geoclaw interpolates these output files temporally to determine the
wave location throughout the entire simulation.
All other settings in Geoclaw are set to their default values. An adaptive time step is adjusted according to
the Courant-Friedrichs-Lewy (CFL) condition with a desired CFL of 0.75. The spatial discretization in Geoclaw is a second order scheme with the MC limiter (LeVeque, 2002) employed to avoid the development of
un-physical shocks. All simulations are run for a physical time window of 1.5 h to ensure that the wave has
reached all of the relevant locations (for this event the longest historically recorded time between the earthquake and the arrival of the wave was approximately 40–45 min as shown in Figure 5). Each simulation of
Geoclaw generates wave heights and arrival times at the locations shown in Figure 1.
4.4.2. Wave Inundation Calculation
The observations of wave inundation at Banda Neira and Saparua are very precise, and seem to be important to infer the earthquake. Despite the precision of this measured distance, it is unclear what specific
part of the shoreline these observations were recorded for, and even if this was clear, the highest resolution
topography available is not sufficient to completely trust a simulated wave inundation. For these reasons,
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Figure 7. Sample centroids from the posterior compared with the prior in latitude/longitude (the same region in the
green rectangle of Figure 1). The posterior is concentrated in a small region in the northeast of the arc. Note that the
color gradient is not the same quantitatively between these two plots, but the general characterization is accurate,
that is. the prior is distributed evenly over the entire arc (via the depth calculation) while the posterior is heavily
concentrated in the northeastern section of the arc.

we opted to use a simplified model of wave inundation that is a deterministic function of the wave height
on the shoreline.
The model that dictates the mapping from on-shore wave height to wave inundation length is taken from
Bryant (2014) Equation 2, yielding a relationship between the maximum inundation length, maximal wave
height on-shore, and the average slope of the shoreline. This is given by:

Figure 8. Magnitude, depth offset, Δ log L, and Δ log W posterior histograms, compared to the associated prior
distribution densities (plotted in green) The bottom two plots are histograms of the slip and depth (in meters for both)
drawn from the posterior.
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k  H 1.33 cos(  )
  ,n ( H ) 
(5)
n2

where  is the maximum landward inundation distance as a function of the maximum shoreline wave
height H. Here n is Manning's coefficient of friction (Turcotte & Schubert, 2002) (selected using arcGIS
and Google images near the coastline in question, β is the slope of the coastline and k is an empirically determined constant equal to 0.06. We computed β as the average slope taken from a series of 1-dimensional
vertical profiles taken from arcGIS perpendicular to the coastline near each gauge. This model was used
to convert on-shore wave heights into on-shore inundation which is then evaluated against the likelihood
probabilities of on-shore inundation from Figure 5.
4.5. Sampling and Convergence
To quantify the results of the Bayesian inference, MCMC was used to generate samples from the posterior
measure. Because we did not have an adjoint solver for this PDE-based forward map, gradient-based methods like Hamiltonian Monte Carlo were not available. We therefore employed random walk-style Metropolis–Hastings MCMC with periodic Sequential Monte Carlo-style resampling according to posterior probability (see [Dashti & Stuart, 2017, Section 5.3]). This algorithm is summarized in Algorithm 4.1. A diagonal
covariance structure was used for the proposal kernel, with the step size in each of the six parameters tuned
to approximate the optimal acceptance rate of roughly 0.23 (Gelman et al., 2014, Section 12.2). The final
standard deviations for the random walk proposal kernel are given in the GitHub repository.

To ensure that all viable seismic events were considered, we initialized fourteen (14) MCMC chains at
locations around the Banda arc with initial magnitudes of either 8.5 or 9.0 Mw. Additional chains were
tried at 8.0 Mw; however, these were quickly discarded as they consistently failed to generate a sufficiently
large wave to reach each of the observation points (Figure 1) and therefore produced likelihoods of zero
probability. Each of the 14 remaining chains was run for 24,000 samples, including a “burn in” of 6,000
samples, with resampling according to posterior probability every 6,000 samples. Our approximation to
the posterior therefore is made up of a total of 252,000 samples. To ensure accurate statistics, chains were
run well beyond when they appeared to have converged; for example, Gelman-Rubin diagnostic R (Gelman
et al., 1992, 2014) for all parameters fell below 1.1 (a common convergence criterion) after 8,000 samples.
Samples were computed using the computer resources available through BYU's Office of Research Computing, consuming a total of nearly 200,000 core-hours in all.

5. Results
5.1. Summary
The results of the inference are summarized in Figures 7 and 8 and show stark differences between the
prior and posterior distributions. Whereas the prior encompassed all parts of the Banda arc with a reasonable depth, the posterior for the centroid is narrowly concentrated in a region near 4.5°S, 131.5°E, which is
situated in a shallow part of the subduction interface. That is, the modeling implies that the centroid must
have been located within this region to best match the observations summarized in Figure 5. Also notable is
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Figure 9. Posterior conditional expectation of sample parameters magnitude (Mw), depth offset (km), Δ log L, and Δ log W as well as the slip (m) and depth
(km) conditioned on latitude/longitude, shown for the same region as the yellow rectangle in Figure 1.

the marginal posterior for magnitude: despite a prior that heavily preferred lower magnitudes, the posterior
is concentrated around earthquakes of magnitude 8.8. This is because the tsunami simulations indicated
that a large event was required to produce the wave heights described in the historical accounts at several
of the observation locations.
More subtle inference is seen in magnitude-normalized length and width. The posterior favors rupture
zones that are relatively narrow for their magnitude, that is, the length and width are smaller than is typical,
given the magnitude of the event. This is likely because the inference is trying to balance observations of
wave height and arrival time. Simulations indicate that an earthquake needs to be quite large in order to
produce the observed wave heights in, for instance, Banda Neira. However, larger earthquakes, all else being
equal, have rupture zones that are closer to Banda Neira, thus reducing the arrival time of the wave. The
posterior therefore favors a smallish rupture zone given the magnitude (keeping the arrival time in check)
balanced by a larger slip to achieve the observed wave heights.

5.2. Fault Characteristics by Centroid Location
We now describe how the fault parameters change with geographic location according to the computed
posterior. Figure 9 displays the approximate conditional expectation for the sample parameters magnitude,
depth offset, Δ log L, and Δ log W, conditioned on latitude and longitude as well as the conditional expectation for the model parameters slip and depth; these figures therefore show the expected value of each
parameter if we were to assume a given centroid location. Several trends are apparent:
• T
 he farther outside the arc, the higher the expected magnitude. This is not surprising, as higher magnitudes would be required to produce large enough waves at that distance from the observation points
• The farther outside the arc, the greater the value of depth offset. This appears to counteract the shallowing of the fault towards the outside of the arc, ultimately producing earthquakes at nearly constant depth
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among accepted samples. This can be seen even more clearly in the conditional expectation of depth,
where there are variations in the depth, but they are relatively mild (most of the points in this plot are on
the shallower end of the colorbar)
• The closer the center of the rupture is to the coast of Seram, the shorter the length (smaller Δ log L),
and higher the slip of the rupture. This is likely due to the rupture extending underneath Seram Island,
which leads to a smaller tsunami (as only some of the rupture occurs beneath the ocean). Thus, a shorter
rupture zone increases the slip as seen in the conditional expectation of slip (and thus wave height),
counteracting the influence of Seram Island on the tsunami generation. On the other hand, the earthquakes to the south or west have lower slip values as the tsunami source is then closer to the observation
locations
5.3. Forward Model and Output
It is also worth considering the implied observation distributions, known as the posterior predictive distributions. This has two primary interpretations, first in understanding the drivers of the results, and second as
an assessment of hazard risk. We describe each of these in turn.
5.3.1. Understanding the Results
Comparing the posterior predictive distributions and the likelihood distributions, shown in Figure 10, helps
describe what drove the model's conclusions. Banda Neira and Saparua provided the largest contribution to
the likelihood, and we see that the posterior samples broadly matched our interpretation of the observations
there. The posterior samples at Kulur and Ameth stand out as different from the proposed likelihood, with
waves smaller than our interpretation of the accounts. However, this is acceptable and actually validates the
current approach, given that these accounts were not specific, and we assigned wide distributions to them,
indicating that the posterior distribution matched the likelihood from the other locations but was unable to
match the proposed distributions at these locations. Overall, the posterior distribution is consistent with the
observations recorded in our sources, with sufficient differences to make the inferred posterior distribution
distinct from both the likelihood density and the prior distribution. This indicates that the posterior is not
just a re-sampling of the likelihood and/or prior but has instead found earthquakes that best match the data
and physical limitations of the situation.
Additional insights into the limitations of our approach can be gleaned from the differences between the
posterior predictive distribution and the likelihood. For instance, in addition to the differences for the wave
height at certain locations, we notice a significant difference between the distributions for arrival time at
both Banda Neira and Saparua. In fact, it appears that our assigned likelihood distribution overestimated
the actual arrival time. Such a discrepancy is not unexpected however, because the current forward model
assumes an instantaneous rupture whereas the historical account implies that the earthquake lasted approximately 5 min which would adequately account for the shifted distributions shown in Figure 10.
5.3.2. Hazard Risk
The posterior predictive distribution can also be interpreted as an estimate of the hazard risk for the specified observation locations. The histograms in Figure 10 represent what communities in these locations
might be expected to experience–the wave heights, arrival times, and inundations–should a similar event
happen in the future. For instance, if an event of this magnitude occurred in the same location on the Banda arc, we anticipate a wave of approximately 2.5 m to reach the populous city of Ambon (approximately
300,000 people). For those living in the bay of Ambon, this gives a probabilistic hazard assessment that can
be coupled with detailed topographical information to assess potential flood levels as well as economic and
societal impact from a similar future event.
5.4. Claim & Corroborating Evidence
The implied claim of our posterior distribution is this: if the 1852 Banda arc tsunami was caused by a
mega-thrust subduction zone earthquake, it was a magnitude ∼8.8 mega-thrust event centered near 4.5°S,
131.5°E, and this type of event matches the historical account quite well. During the analysis, we discovered an item of corroborating evidence for this claim, in the form of the Slab2 depth uncertainty data. The
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Figure 10. Model output compared to likelihood densities. The blue histograms represent the forward model outputs corresponding to the posterior
distribution. The black curves are the likelihood densities assigned to each observation. The model outputs corresponding to the estimated maximum a
posteriori (MAP) point and maximum likelihood estimate (MLE) are marked with red and orange lines, respectively.
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Figure 11. Banda arc Slab2 seismicity compared to the location of samples from the posterior distribution. The
seismicity is computed using a Gaussian kernel density estimator from locations of instrumentally recorded
earthquakes (as provided in the Slab2 data set) and is displayed on a blue-yellow color gradient with the dark blue
regions referring to areas where little to no seismic events were recorded, and yellow being the highest concentration
of seismic happenings as indicated in the colorbar. The logarithm of the expected posterior distribution conditioned on
the latitude-longitude location is shown in the orange color scheme. Clearly the posterior distribution is concentrated
in a region of low instrumentally recorded seismicity. This is the same region as the green rectangle in Figure 1.

Slab2 model of the subduction zone is based on seismically collected instrumental data that can be used to
infer the interface geometry. The more earthquakes that have occurred recently on a particular segment of
a fault, the more certain we can be of the geometry. Regions of uncertainty correspond to “seismic gaps”;
fault segments that have been relatively silent during the modern period of instrumental data collection. A
seismic gap may represent a location where hundreds of years of stress has accumulated, which eventually
results in a large earthquake when the fault slips and the stress is released (McCann et al., 1979). While not
all seismic gaps turn out to be dangerous (Kagan & Jackson, 1991), they are still important to consider as
possible sources for an event such as the 1852 Banda arc earthquake.
Both the Slab2 depth uncertainty, and the underlying seismic data set, demonstrate the presence of a seismic gap in the region where our posterior distribution is concentrated (see Figure 11). This can be viewed as
evidence, distinct and separate from our usage of Slab2, that supports the results of our analysis.

6. Discussion and Future Work
This paper has presented a systematic approach to determining the strength and location of historically observed mega-thrust earthquakes via observations of the resultant tsunami. The Bayesian nature of
this investigation not only provides an understanding of the earthquake parameters that may have caused
this event, but also yields information regarding the uncertainty of these post-dicted parameters, and the
correlations between them. A significant attribute of this approach is that the necessary assumptions are
incorporated directly into the method and are explicitly described. We note that the 1852 Banda arc event
is certainly not the only event for which this methodology is feasible. There are several other events both in
Indonesia and elsewhere for which there is either historical or geological evidence for significant seismic
events, but little or no instrumental data to draw from. In addition, although this article focuses on mega-thrust events, the methodology is sufficiently flexible to work for a submarine slump induced tsunami,
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or any other type of hazard for which a forward model is available. We will look into these possibilities in
future studies, including analyzing the potential for the 1852 event to have been caused by a submarine
slump as suggested by (Cummins et al., 2020; Pranantyo & Cummins, 2020).
One of the goals of applying a Bayesian approach to this inverse problem was to regularize it–given the anecdotal nature of the data, it was important to minimize the impact that small changes in the assumptions
would have on the resulting posterior measure. This concept is known as “robustness” of Bayesian inference. Some theoretical results–see, for example (Stuart, 2010, Chapter 4),–show that small changes in the
assumptions provably result in small changes in the posterior measure. We therefore expect that the results
presented in this paper will exhibit this kind of well-behaved local sensitivity. However, Bayesian robustness
is in itself a line of research—see, for example, (J. O. Berger et al., 1994; Insua & Ruggeri, 2000)—and there
are some cases where Bayesian inference can be “brittle” (Owhadi et al., 2015). We intend, therefore, to
conduct a computational study of local sensitivity to assumptions, and in particular to changes in the prior
and likelihood distributions. However, given the computational cost of computing one posterior, effectively
computing several posterior measures will require a number of approximations to speed up the forward
map and MCMC convergence. We are currently working on those steps and plan to present the results of
that study in a future paper.
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We note that since the 1852 earthquake investigated here, the Banda arc region has seen an order of magnitude increase in population, increasing the seismic and tsunami disaster potential for the inhabitants.
However, risk assessments based on the short (geologically speaking) period of instrumental records for this
and other densely populated regions (i.e., Java and Bali) underestimate the seismic and tsunami disaster
potential. Some of these regions have not experienced mega-thrust earthquakes for several hundred years.
At the current rates of seismic loading on these subduction zones, enough elastic strain has accumulated
to cause another Mw 8.5–9.0 event akin to that described here in the Banda Sea. This fact, coupled with the
evidence provided here, indicate that at least in the case of the Banda arc, mega-thrust events are not only
possible, but highly likely to have occurred in the past and thus likely to recur in the future.
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